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LEGAL NOTICE / DISCLAIMER 
 
 
 
This report was prepared by Phillips Petroleum Company pursuant to a Cooperative Agreement 
partially funded by the U. S. Department of Energy, and neither Phillips Petroleum Company nor any of 
its subcontractors nor the U. S. Department of Energy, nor any person acting on behalf of either: 
 
(A) Makes any warranty or representation, express or implied, with respect to the  
 accuracy, completeness, or usefulness of the information contained in this report, 
 or that the use of any information, apparatus, method, or process disclosed in this 
 report may not infringe privately-owned rights; or 
 
(B) Assumes any liabilities with respect to the use of, or for damages resulting from 
 the use of, any information, apparatus, method or process disclosed in this report. 
 
Reference herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, 
or favoring by the U. S. Department of Energy.  The views and opinions of authors expressed herein do 
not necessarily state or reflect those of the U. S. Department of Energy. 
 



 
4

 
REPORT TABLE OF CONTENTS 

 
          Figure*   
 

Introduction   
 

General Information      I 
 

3-D Reservoir Description     II 
 

Field Development History     III 
 

Field Production Constraints and Design Logic  IV  
    

Evaluation of Cost-Share Project Results   V 
 

Supporting Data      VI 
 

Environmental Information     VII 
 
 
 

* - The information required by the cooperative agreement is defined by Figures I through VII 
on pages C-8 through C-13 in Exhibit C of the co-operative agreement signed on June, 1994 
by Phillips Petroleum Company and the Department of Energy (DOE). 

 



 
5

INTRODUCTION 
 
 
The cooperative agreement signed in June, 1994 by Phillips Petroleum Company and the Department of 
Energy (DOE) requires two Topical Reports to establish a minimum dataset and data collection for this 
Class II activity.  The first report is due at the end of Budget Period I and should include preliminary 
data and permit the DOE to review such data before the project is completed.  The second Topical 
Report is due at the end of Budget Period II.  Budget Period I was completed on June 30, 1996.  The 
report presented here fulfills the requirement for the first Topical Report. 
 
The information required by the cooperative agreement is that outlined in Figures I through VII on pages 
C-8 through C-13 in Exhibit C of the agreement.  The major topics covered by these Figures are: 
 
 Figure I  General Information; 
 Figure II  3-D Reservoir Description; 
 Figure III  Field Development History; 
 Figure IV  Field Production Constraints and Design Logic; 
 Figure V  Evaluation of Cost-Share Project Results; 
 Figure VI  Supporting Data; 
 Figure VII  Environmental Information. 
 
A copy of the Figure for a given major topic is given directly behind the tab for that major topic.



 
6

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE I 

 
 
 
 
 
 
 
 



 
7

 
FIGURE I 

 
GENERAL INFORMATION 

 
 
Field Name:   South Cowden 
 
Reservoir Name:  Grayburg 
 
State:    Texas 
 
County(s):   Ector 
 
Formation(s):   Grayburg and San Andres 
 
RRC District (If Texas):  8 
 
Field Discovery data: November 28, 1932 
 
Current Operator:  Phillips Petroleum Company 
 
Current (6/1996) working interest ownership (names and percentages of all those > 10%): 
 
  H. A. De Compeigne Jr.  .02667570 
  Fina Oil & Chemical   .10997580 
  McRae Management Trust  .00469110 
  Autry C. Stephens   .04019890 
  Patoil Corp.    .03864420 
  W. F. Pennebaker   .00469110 
  Nancy Sealy Thompson  .00469110 
  Violent Graves Stubbeman  .00469110 
  Phillips Petroleum Company  .76574100 
   
Project description (approximately 500 - 1000 words - from public abstract): 
 

ABSTRACT 
 
The work reported here covers Budget Phase I of the project.  The principal tasks in Budget Phase I 
are the Reservoir Analysis and Characterization Task and the Advanced Technology Definition Task.  
Completion of these tasks have enabled an optimum carbon dioxide (CO2) flood project to be designed 
and evaluated from an economic and risk analysis standpoint.  Field implementation of the project has 
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been recommended to the working interest owners of the South Cowden Unit (SCU) and approval has 
been obtained. 
 
The project focused on reducing initial investment cost by utilizing horizontal injection wells and 
concentrating the project in the best productivity area of the field.  An innovative CO2 purchase 
agreement (no take or pay requirements, CO2 purchase price tied to West Texas Intermediate (WTI) 
crude oil price) and gas recycle agreements (expensing cost as opposed to large capital investments for 
compression) were negotiated to further improve project economics. 
 
A detailed San Andres reservoir characterization study was completed by an integrated team of 
geoscientists and engineers.  The study consisted of detailed core description, integration of log 
response to core descriptions, mapping of the major flow units, evaluation of porosity and permeability 
relationships, geostatistical analysis of permeability trends, and direct integration of reservoir 
performance with the geological interpretation.  The study methodology fostered iterative bidirectional 
feedback between the reservoir characterization team and the reservoir engineering/simulation team to 
allow simultaneous refinement and convergence of the geological interpretation with the reservoir model.  
The fundamental conclusion from the study was that South Cowden exhibited favorable enhanced oil 
recovery characteristics, particularly reservoir quality and continuity. 
 
Detailed San Andres core descriptions were made of two full cores and several partial cores from the 
South Cowden Unit.  Core information from the contiguous Emmons and Moss Units were also 
incorporated into the study.  The core study concluded that reservoir quality in the South Cowden Unit 
is controlled primarily by the distribution of a bioturbated and diagenetically  altered rock type with a 
distinctive “chaotic” texture.  The “chaotic” modifier derives from the visual effect of pervasive, small-
scale intermixing of tan oil-stained reservoir rock with tight gray non-reservoir rock. 
 
The San Andres section was divided into multiple zones, A through G, based on the core study and 
gamma ray markers that correlate wells across the unit.  Each zone was mapped as continuous across 
the field.  The “chaotic” reservoir rock extends from Zone C to the lower part of Zone F.  Zones D and 
E are considered the main floodable zones, though Zone F is also productive and Zone C is productive 
above the oil-water contact. 
 
Repeat Formation Tester (RFT) measurements indicated good vertical pressure communication 
between Zones D and E, fair communication with Zone F, and poor communication with Zone C.  The 
lower parts of Zone F is separated from Zone E by a thin silty dolomite layer, which may hinder efficient 
vertical sweep between the two zones.  Zone C is effectively isolated from the zones above.  Open-hole 
hydraulic fracture tests indicate a strong tendency for induced fractures to grow downward from the 
productive zones to Zone A, a high permeability, normally water bearing grainstone layer. 
 
Understanding of reservoir rock distribution, identification of vertical pressure barriers within the 
reservoir (especially relative to the oil-water contact), and recognition of the nature of hydraulic fracture 
propagation in the reservoir were critical to the formulation of the CO2 flood development plan:  
Horizontal water alternating gas (WAG) injection wells placed downstructure in Zones D and E, which 
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are above the oil-water contact throughout the project area and do not have internal vertical pressure 
barriers.  Vertical WAG injection wells placed upstructure, where Zone C is above the oil-water 
contact but isolated by a vertical pressure barrier from the CO2 sweep in Zones D and E.  Perforation 
of the lower part of Zone F in vertical injectors will compensate for vertical sweep inefficiency across 
the weak pressure barrier between Zone F and E.  Injection pressures in both horizontal and vertical 
WAG injectors will be kept below the fracture gradient (0.58 psi/ft) to minimize CO2 losses to deeper, 
nonproductive zones. 
 
A full-field reservoir simulation model was constructed covering all of South Cowden Unit (SCU) , 
Emmons Unit and a portion of the Moss Unit, both of which border SCU to the north.  Model grid and 
layering were designed to conform to the geological configuration of the reservoir.  Porosity, 
permeability, and flow properties of the major reservoir facies identified by the reservoir characterization 
team were incorporated into the model.  An iterative, “predictive” history matching approach was 
employed whereby the team were involved in making refinements to reservoir description until the 
model was able to accurately predict historical waterflood performance.  This predictive approach 
provides added confidence in future performance forecasts. 
 
Critical laboratory data on CO2/oil phase behavior, minimum miscibility pressure, and oil recovery 
efficiency were matched and incorporated into the model.  The model was then used to evaluate 
alternative CO2 project developments, including the optimum use of horizontal CO2 injection wells.  The 
most attractive project development incorporated both horizontal and vertical CO2 injection wells to 
conform to the reservoir geology and maximize sweep efficiency.  This configuration was presented as 
the Authority for Expenditure (AFE) “Base Case” development plan. 
 
 
 
Project team members: 
 
  Don R. Wier   Larry Hallenbeck 

John S. Chimahusky  Matthew G. Gerard   
K. L. Czirr    Kim B. Dollens 
R. Owen    K. J. Harpole 

  R. L. King   Ed G. Durrett  
B. A. Baldwin   S. Snow 
D. Wegener    J. S. Bles   
M. Navarrette   C. R. Robertson 
C. D. Caldwell  D. J. Harms 

 
Technical contracts (name, affiliation, phone, address): 
 
  Contract No. DE-FC22-94BC14991 
 
Primary Drive Mechanism: 
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  Solution gas and fluid expansion 
 
Estimated primary recovery factor (%):  
   
  15% 
 
Estimated incremental Seconday Recovery Factor (%): 
 
  20% 
 
Estimated Total of Primary and Seconday Recovery Factor (%): 
 
  40% 
 
Date of first production:  
 
  June 9, 1948 
 
Number of wells drilled in Field (to 6/96): 
 
  104 
 
Well Patterns (5-Spot, 9-spot, line drive, etc.): 
 
  Modified inverted 5-spot, peripheral 
 
Number of wells penetrating reservoir (to 6/96): 
 
 
Total completions to date in field (to 6/96): 
 
  69 
 
Total current completions, each reservoir (to 6/96): 
 
  40 
 
Total current producers, each reservoir (to 6/96): 
 
  29 
 
Total current injection wells, each reservoir (to 6/96): 
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Number of flowing wells (to 6/96): 
 
  None – all have pumping equipment 
 
 
Summary field history (approximately 500 words): 
 
The South Cowden Unit is part of the South Cowden Field of Ector County, Texas.  Production is from 
the Grayburg and San Andres dolomite formations of Permian Age, at an approximate depth of 4550 
feet.  These formations were deposited in shallow carbonate shelf environments along the eastern margin 
of the Central Basin Platform.  The primary target of CO2 flood development under the proposed 
project is a 150-200 foot gross interval within the San Andres.  The original oil-in-place was estimated 
at 86.5 million barrels.  The field was discovered in 1932, with production commencing in the project 
area June 9, 1948.  Unitization occurred during 1965, when waterflood operations were initiated.  The 
Unit was approaching its economic limit under secondary recovery, producing about 370 barrels of oil 
per day (BOPD) at a watercut in excess of 90% from 42 active producers and 15 active water 
injectors.  Ultimate primary plus secondary recovery was expected to be 35 million stock tank barrels 
(STB), or approximately 40% of the original oil-in-place (OOIP). 
 
In June of 1994, Phillips Petroleum and the Department of Energy (DOE) signed a contract for the 
development of the South Cowden CO2 flood.  The DOE would provide funds for the detailed 
reservoir characterization of South Cowden and, if approved, would participate in the actual 
demonstration of the project.  In return, Phillips Petroleum would make public any technology gained 
from the project and would make strong efforts to publish the results.  Technology transfer would be an 
integral part of the project. 
 
The DOE project performance forecasts were based on a 40% hydrocarbon pore volume (HCPV) 
total CO2 injection volume.  All produced gas assumed mixed with purchased CO2 and reinjected 
through a central facility.  No natural gas liquid (NGL) recovery was premised in the preliminary 
forecasts.  Ultimate CO2 flood incremental oil recovery above continued waterflood operations in the 
DOE project area was forecasted to be 12.4% of the OOIP within the project area.  CO2 utilization 
efficiency is forecast to be 8.5 MCF/STB incremental oil.  These performance projections are typical 
for CO2 floods in the San Andres in west Texas. 
 
Project Locations: 
 
The Phillips Petroleum operated South Cowden Unit (SCU) is located 10 miles south of the city of 
Odessa in Ector County, Texas.  The South Cowden Unit is directly offset by two other San Andres 
units.  Phillips’ Emmons Unit (purchased from Fina in 1996)  and Unocal’s Moss Unit.  Figure I.1 
displays a structure map of South Cowden and surrounding units. 
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Figure I.1 
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FIGURE II 
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FIGURE II 
 

3-D DESCRIPTION OF RESERVOIR 
 
 
AREAL AND VERTICAL DESCRIPTION:  
 
Simulation maps are taken from the original model used to forecast the authority for expenditure (AFE) 
base case. Note the original model had six layers. One layer each for the F, D and C zones and three 
layers for the E zone.  Porosity and permeability distribution plots are taken from all available core data.  
Geological maps taken from geological model used for AFE generation. 
 
Areal Extent: 
 

2050 acres 
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Porosity mean, distribution and map: 
 

F Zone Distribution and Mean 

 
 

Average Porosity Map (San Andres zone F – geological mapping) 
 

EMMONS UNIT

0 10 20 30
0

10

20

30

40

50

0

0.2

0.4

0.6

0.8

1

1.2

Porosity

F
re

qu
en

cy

C
um

ul
at

iv
e 

Fr
eq

ue
nc

y

Freq. Cumul.

F Zone
Porosity Distribution

378 Data Points
Mean (arith)=10.5%, (weighted)=10.5%



 
17

Average Porosity Map (San Andres zone F – simulation model) 
-  
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E Zone Distribution and Mean 

 
Average Porosity Map (San Andres zone E – geological mapping) 
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 - Average Porosity Map (San Andres zone E1 – simulation model) 
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 - Average Porosity Map (San Andres zone E2 – simulation model) 
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 - Average Porosity Map (San Andres zone E3 – simulation model) 
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D Zone Distribution and Mean 

 
 Average Porosity Map (San Andres zone D – geological mapping) 
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 - Average Porosity Map (San Andres zone D – simulation model) 
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C Zone Distribution and Mean 

 
Average Porosity Map (San Andres zone C – geological mapping)

EMMONS UNIT

0 10 20 30
0

10

20

30

0

0.2

0.4

0.6

0.8

1

1.2

Porosity

F
re

qu
en

cy

C
um

ul
at

iv
e 

Fr
eq

ue
nc

y

Freq. Cumul.

C Zone
Porosity Distribution

149 Data Points
Mean (arith)=12.0%, (weighted)=11.9%



 
25

Average Porosity Map (San Andres zone C – simulation model) 
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Original saturation mean, distribution and map: 
 

- Initial oil saturations for each simulation model layer are 100% less initial water 
saturation (there are only two phases initially in the model) 
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Original Water Saturation (Taken from simulation layer 1 = San Andres zone F) 
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Original Water Saturation (Taken from simulation layer 2 = San Andres zone E1) 
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Original Water Saturation (Taken from simulation layer 3 = San Andres zone E2) 
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Original Water Saturation (Taken from simulation layer 4 = San Andres zone E3)  
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Original Water Saturation (Taken from simulation layer 5 = San Andres zone D) 
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Original Water Saturation (Taken from simulation layer 6 = San Andres zone C)  
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 - Gas 
 
  Gas Saturation zero initially 
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Saturation distribution map at the inception of cost-
share project: Maps shown are at year 1996.5 

 
Water Saturation (Taken from simulation layer 1 = San Andres zone F) 
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Water Saturation (Taken from simulation layer 2 = San Andres zone E1) 
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Water Saturation (Taken from simulation layer 3 = San Andres zone E2) 
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Water Saturation (Taken from simulation layer 4 = San Andres zone E3) 
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Water Saturation (Taken from simulation layer 5 = San Andres zone D) 
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Water Saturation (Taken from simulation layer 6 = San Andres zone C) 
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Permeability mean, distribution and map:  
(Note : simulation model maps use the scale 0 mD minimum to 20 mD maximum. Greater than 
20 mD is one color/shade) 
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F zone core data distribution and mean 
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Permeability Map (Taken from simulation layer 1 = San Andres zone F) 
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E zone core data distribution and mean 
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Permeability Map (Taken from simulation layer 2 = San Andres zone E1) 
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Permeability Map (Taken from simulation layer 3 = San Andres zone E2) 
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Permeability Map (Taken from simulation layer 4 = San Andres zone E3) 
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D zone core data distribution and mean 
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Permeability Map (Taken from simulation layer 5 = San Andres zone D) 
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C zone core data distribution and mean 
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Permeability Map (Taken from simulation layer 6 = San Andres zone C) 
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Directional permeability (ky/kx): 
 
Core data from 5 wells that have vertical permeability measurements are summarized below in a 
statistical distribution plot for the upper San Andres layers. 
 

 
The above plot illustrates core scale vertical to horizontal permeability ratios within the San Andres 
layers. Below are the simulation vertical to horizontal permeability ratios used at the end of the history 
match process to match waterflood performance.  
 
Simulation Layer Geological Layer  Kv/Kh 
 
Layer 1   San Andres Zone F   0.0 (no communication above F zone) 
Layer 2   San Andres Zone E1  0.1 
Layer 3   San Andres Zone E2  0.1 
Layer 4   San Andres Zone E3  0.1 
Layer 5   San Andres Zone D  0.01 
Layer 6   San Andres Zone C  0.001 
 
Pay continuity as a function of well-spacing: 
 
The San Andres intervals A through G are correlate over the entire lease, and are independent of well 
spacing. 
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Reservoir dip (angle and direction): 
 
The lease dips slightly down to the South East over the majority of the field. To the southern and eastern 
extremities lies a steeper dip down into the Central Basin. This is illustrated below with the Base Of the 
Cowden Sand, the interval immediately above the San Andres. 
 

     STRUCTURE TOP BASE COWDEN  
                              SAND 

           SOUTH COWDEN PROJECT 
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Location and extent of faults or other flow barriers (if applicable): 
 
The San Andres is believed not to have any naturally occurring fractures. As discussed in the reservoir 
characterization sections the top C zone is believed to form a vertical communication barrier. The tight 
Cowden Sand forms the seal above the San Andres reservoir interval.  
 
Location and extent of salt domes (if applicable): 
 
None 
 
Measure of cross flow among reservoir layers: 
 
None 
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Average net pay thickness, distribution and map: 
 

Net Isopach Map (Taken from Geological Model San Andres zone F) 
(contour 2’ interval) 

EMMONS UNIT
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Net Isopach Map (Taken from Geological Model San Andres zone E) 
(contour 2’ interval) 

 

EMMONS UNIT
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Net Isopach Map (Taken from Geological Model San Andres zone D) 

(contour 2’ interval) 
 

EMMONS UNIT
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Net Isopach Map (Taken from Geological Model San Andres zone C) 

(contour 2’ interval) 

EMMONS UNIT
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Average gross pay thickness, distribution and map: 
 

Gross Isopach Map (Taken from Geological Model San Andres zone F) 
(contour 2’ interval) 
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Gross Isopach Map (Taken from Geological Model San Andres zone E) 

(contour 2’ interval) 
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Gross Isopach Map (Taken from Geological Model San Andres zone D) 
(contour 2’ interval) 
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Gross Isopach Map (Taken from Geological Model San Andres zone C) 

(contour 2’ interval) 
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Number of reservoir layers: 
 
The San Andres was split up into 7 layers, A through G. The main target for the CO2 flood being layers 
C through F. 
 
Vertical porosity profile(s): 
 
None 
 
If gas cap is present:  None 
 
 - Gas/Oil contact: 
 
 - Gas cap area: 
 
 - Gas cap bulk volume 
 
 - Gas-in-place 
 
If aquifer is present: 
 

- Initial oil-water contact: 
 

1800 TVD ft ss 
 
 - Current oil-water contact: 
 

1800 TVD ft ss 
 
 - Aquifer size: 
 

There is believed to be some aquifer support coming from the Central Basin to the      East and 
South of the flood. 

 
The original geological mapping of South Cowden Unit (SCU) showed pore volume (PV) going 
to zero outside of the well control to the East and South of the field.  During the history matching 
phase of simulation modeling, with only the geologically mapped oil volume, producing well 
rates and pressures fell very rapidly during the early depletion period (prior to 1965).  
 
This indicated either original oil in place (OOIP) needed to be larger or some additional source 
of pressure support prior to water injection. Several possibilities were evaluated including 
increasing PV in the outside row of aquifer cells (below oil water contact) to get a better match 
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with early performance.  Increasing aquifer volume was judged the most reasonable explanation 
for extra reservoir energy. The calculated aquifer to oil pore volume ratio was estimated at 6.3 
and was consistent with seismic data showing continuity of thickness and porosity in the zone 
down-dip to the East and South.  

 
 - Water influx rate: 
 
 No aquifer influx function was used 
 
GEOLOGICAL CHARACTERISTICS 
 
Lithology:  
 
Grayburg and San Andres dolomite formations. These formations were deposited in shallow carbonate 
shelf environments along the eastern margin of the Central Basin Platform. 
 
Geologic Age: 
 
Permian Age 
 
Facies analysis for each reservoir: 
 
Detailed San Andres core descriptions were made of two full cores and several partial cores from the 
South Cowden Unit.  Core information from the contiguous Emmons and Moss Units were also 
incorporated into the study.  The core study concluded that reservoir quality in the South Cowden Unit 
is controlled primarily by the distribution of a bioturbated and diagenetically  altered rock type with a 
distinctive “chaotic” texture.  The “chaotic” modifier derives from the visual effect of pervasive, small-
scale intermixing of tan oil-stained reservoir rock with tight gray non-reservoir rock. 
 
 - Description of depositional facies: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Distribution of facies across the project area: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Distribution of porosity, permeability, oil saturation, and net pay by facies: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Cross-plot of permeability vs. porosity by facies: 
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Refer to attached Core Analysis Report in supporting data. Also refer to section describing 
layer permeability properties for cross plots of porosity and permeability by layer. 

 
 - Wireline log response to depositional facies: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Horizontal continuity and vertical communication of facies: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 
Description of geologic elements: 
 
 - Depositional environment: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Reservoir diagenesis: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Structural style: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 
Evaluation of reservoir heterogeneity: 
 
 - Microscopic heterogeneity; pore throat size distribution: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Microscopic heterogeneity; features at interwell scale: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 - Megascopic heterogeneity; features at field/reservoir level: 
 
 Refer to attached Core Analysis Report in supporting data. 
 
 
FLUID CHARACTERISTICS: 
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Initial reservoir pressure: 
 
  1730 psia @ -1625 ft. Ss Datum 
 
Log of reservoir pressure vs. production (or time):  
 
Reservoir pressure history: 
 
Date Pressure Datum   Comments / Source 
 
1960 545 psia -1600 ft ss  average of 33 well survey 
1965 500 psig unkown  from correspondence 
1967 617 psia -1625 ft ss  range (<500 psi to > 1500 psi) 
      (from pressure map) 
1992 2247 psia    (avg of 11 RFT pressures taken in SCU 8-19)** 
1994 2360 psia    (avg of 7 RFT pressures taken in SCU 6-23)** 
1994 2350 psia -1800 ft ss (est) P* from buildup in SCU 6-23 ** 
 2090 psia -1796 ft ss  P* from buildup in SCU 6-21 ** 
 
(** NOTE: Pressure buildup and RFT data included with supporting data) 
 
Reservoir temperature: 
 
  98  F 
 
Oil gravity: 
 
  36  API 
 
Oil viscosity at standard condition: 
 
  4.2 cp 
 
Oil viscosity at In-situ reservoir condition: 
 
  2.0 cp 
 
Initial oil formation volume factor (Bo): 
  1.12 RB / STB 
 
Bubble point pressure: 
 



 
66

  625 psia 
 
Initial gas in solution (Rs): 
 
  217 SCF / STB 
 
Fluid composition test (CO2, N2, H2, Hydrocarbons): 
 

South Cowden Reservoir Fluid Composition 
Normalized Feed Mole Fractions 

 
     Component  Number 
      N2     1  0.0047 
   CO2     2  0.0066 
   H2S     3  0.0209 
   C1     4  0.1150 
   C2     5  0.0575 
   C3     6  0.0704 
   IC4     7  0.0156 
   C4     8  0.0447 
   IC5     9  0.0249 
   C5    10  0.0239 
   C6    11  0.0699 
   C7    12  0.5459 
 
     SUM:  1.0000 
 
   C7+ Molecular Weight 228.00 
   C7+ Specific Gravity  0.8784 
   Reservoir Temperature 98  F 
 
 
Gas gravity: 
 
  0.839 
 
Gas viscosity: 
 
  0.0152 cp 
 
Initial gas formation volume factor (Bg): 
 
  0.000497 RB/SCF 
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Log of Bo, Rs, Bg as a function of reservoir pressure: 
 
Complete laboratory PVT reports are included with Supporting Data.  Additional information on 
reservoir fluid characterization is presented in the sections on Reservoir Simulation. 
 
Water density: 
 
  1.056 gm / cc (65.9 lb / ft3) 
 
Water viscosity: 
 
  0.80 cp 
 
Water salinity: 
 
 
 

South Cowden Water Analyses 
 
 
Water Sample          %TDS     Na          K         Ca        Mg     Sr          Cl         SO4 

         ppm  
 
 
Tract2-Trans,Pump 7.27     22800     388     2500     619     55.8     36200     3593 
Tract 6-FWKO           7.84     25100     441     2490     633     55.0     39900     3238 
Tract6-IPD             7.84     25200     513     2490     650     55.3     39400     3237 
Tract6-FWKO             7.72     24900     442     2420     636     53.4     40500     4173  
(Aerated and filtered)       
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FIGURE III 

 



 
69

FIGURE III 
 

FIELD DEVELOPMENT HISTORY 
 
RECOVERY TECHNIQUES UTILIZED 
 
Primary: Solution gas drive and fluid expansion 
 
 
Secondary: Waterflood 
 
 
Tertiary: Alternating CO2 / water miscible flood 
 
 
Advanced secondary (including horizontal drilling): 
 
 
FOR EACH RECOVERY TECHNIQUE 
 
Primary 
 
Start date: 
 
1940 
 
Project life: 
 
25 years 
 
Estimated incremental recovery: 
 
10 MMSTB 
 
Monthly production by well: 
 
Individual well production data is supplied in the Oilfield Manager (OFM) database. 
 
Type of injectant: 
 
N/A 
 
Injection schedule (Bbl/day/well): 
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N/A 
 
Number and timing of new wells drilled (producer, injection, disposal): 
 
33 producers were drilled between 1940 and April 1965. 
A total of 57 producers were drilled between 1940 and June 1965.  
 
Number and timing of wells converted (producer to injection or to disposal): 
 
N/A 
 
Secondary 
 
Start date: 
 
June 1965 
 
Project life: 
 
31 years 
 
Estimated incremental recovery: 
 
25.4 MMSTB above primary 
 
Monthly production by well: 
 
Individual well production data is supplied in the OFM database. 
 
Type of injectant: 
 
Water 
 
Injection schedule (Bbl/day/well): 
 
Individual well production data is supplied in the OFM database 
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Number and timing of new wells drilled (producer, injection, disposal): 
 

    
SCU WELL HSITORY (1959 Onwards) 

    

 Wells Wells Wells 
 Prod. Injecting Injecting 
 Oil Water Gas 

Date wells wells wells 

   
   
   

3/1/1959 33 0 0
4/1/1959 33 0 0
5/1/1959 33 0 0
6/1/1959 33 0 0
7/1/1959 33 0 0
8/1/1959 33 0 0
9/1/1959 33 0 0

10/1/1959 33 0 0
11/1/1959 33 0 0
12/1/1959 33 0 0

   
1/1/1960 33 0 0
2/1/1960 33 0 0
3/1/1960 33 0 0
4/1/1960 33 0 0
5/1/1960 33 0 0
6/1/1960 33 0 0
7/1/1960 33 0 0
8/1/1960 33 0 0
9/1/1960 33 0 0

10/1/1960 33 0 0
11/1/1960 33 0 0
12/1/1960 33 0 0

   
1/1/1961 33 0 0
2/1/1961 33 0 0
3/1/1961 33 0 0
4/1/1961 33 0 0
5/1/1961 33 0 0
6/1/1961 33 0 0
7/1/1961 33 0 0
8/1/1961 33 0 0
9/1/1961 33 0 0

10/1/1961 33 0 0
11/1/1961 33 0 0
12/1/1961 33 0 0
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1/1/1962 33 0 0
2/1/1962 33 0 0
3/1/1962 33 0 0
4/1/1962 33 0 0
5/1/1962 33 0 0
6/1/1962 33 0 0
7/1/1962 33 0 0
8/1/1962 33 0 0
9/1/1962 33 0 0

10/1/1962 33 0 0
11/1/1962 33 0 0
12/1/1962 33 0 0

   
1/1/1963 33 0 0
2/1/1963 33 0 0
3/1/1963 33 0 0
4/1/1963 33 0 0
5/1/1963 33 0 0
6/1/1963 33 0 0
7/1/1963 33 0 0
8/1/1963 33 0 0
9/1/1963 33 0 0

10/1/1963 33 0 0
11/1/1963 33 0 0
12/1/1963 33 0 0

   
1/1/1964 33 0 0
2/1/1964 33 0 0
3/1/1964 33 0 0
4/1/1964 33 0 0
5/1/1964 33 0 0
6/1/1964 33 0 0
7/1/1964 33 0 0
8/1/1964 33 0 0
9/1/1964 33 0 0

10/1/1964 33 0 0
11/1/1964 33 0 0
12/1/1964 33 0 0

   
1/1/1965 33 0 0
2/1/1965 33 0 0
3/1/1965 33 0 0
4/1/1965 57 0 0
5/1/1965 56 0 0
6/1/1965 57 0 0
7/1/1965 53 3 0
8/1/1965 53 3 0
9/1/1965 54 3 0

10/1/1965 52 4 0
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11/1/1965 52 4 0
12/1/1965 51 4 0

   
1/1/1966 52 4 0
2/1/1966 49 7 0
3/1/1966 45 10 0
4/1/1966 44 11 0
5/1/1966 44 11 0
6/1/1966 44 11 0
7/1/1966 46 11 0
8/1/1966 46 11 0
9/1/1966 44 11 0

10/1/1966 45 11 0
11/1/1966 45 11 0
12/1/1966 45 10 0

   
1/1/1967 45 10 0
2/1/1967 46 10 0
3/1/1967 45 10 0
4/1/1967 45 10 0
5/1/1967 45 10 0
6/1/1967 46 10 0
7/1/1967 46 10 0
8/1/1967 46 10 0
9/1/1967 46 10 0

10/1/1967 46 10 0
11/1/1967 46 10 0
12/1/1967 46 10 0

   
1/1/1968 46 10 0
2/1/1968 45 10 0
3/1/1968 44 10 0
4/1/1968 44 10 0
5/1/1968 42 11 0
6/1/1968 42 11 0
7/1/1968 42 11 0
8/1/1968 41 12 0
9/1/1968 41 12 0

10/1/1968 42 13 0
11/1/1968 42 13 0
12/1/1968 42 13 0

   
1/1/1969 42 13 0
2/1/1969 42 12 0
3/1/1969 42 12 0
4/1/1969 42 12 0
5/1/1969 42 12 0
6/1/1969 42 12 0
7/1/1969 40 12 0
8/1/1969 40 13 0
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9/1/1969 41 13 0
10/1/1969 41 13 0
11/1/1969 41 13 0
12/1/1969 41 13 0

   
1/1/1970 41 14 0
2/1/1970 40 14 0
3/1/1970 40 14 0
4/1/1970 40 14 0
5/1/1970 40 14 0
6/1/1970 40 14 0
7/1/1970 41 14 0
8/1/1970 41 14 0
9/1/1970 41 14 0

10/1/1970 41 14 0
11/1/1970 41 14 0
12/1/1970 41 14 0

   
1/1/1971 41 14 0
2/1/1971 41 14 0
3/1/1971 41 14 0
4/1/1971 41 14 0
5/1/1971 41 14 0
6/1/1971 41 14 0
7/1/1971 40 14 0
8/1/1971 40 14 0
9/1/1971 40 14 0

10/1/1971 42 14 0
11/1/1971 42 14 0
12/1/1971 41 14 0

   
1/1/1972 43 14 0
2/1/1972 43 14 0
3/1/1972 42 14 0
4/1/1972 43 14 0
5/1/1972 42 15 0
6/1/1972 42 15 0
7/1/1972 42 15 0
8/1/1972 42 16 0
9/1/1972 43 16 0

10/1/1972 43 15 0
11/1/1972 41 15 0
12/1/1972 42 15 0

   
1/1/1973 42 15 0
2/1/1973 42 17 0
3/1/1973 42 17 0
4/1/1973 44 17 0
5/1/1973 44 17 0
6/1/1973 44 17 0
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7/1/1973 44 17 0
8/1/1973 44 17 0
9/1/1973 44 17 0

10/1/1973 44 17 0
11/1/1973 42 19 0
12/1/1973 43 19 0

   
1/1/1974 43 19 0
2/1/1974 45 19 0
3/1/1974 45 19 0
4/1/1974 45 19 0
5/1/1974 45 19 0
6/1/1974 47 19 0
7/1/1974 51 19 0
8/1/1974 51 19 0
9/1/1974 51 19 0

10/1/1974 51 19 0
11/1/1974 50 19 0
12/1/1974 50 19 0

   
1/1/1975 50 20 0
2/1/1975 51 20 0
3/1/1975 54 20 0
4/1/1975 54 20 0
5/1/1975 54 20 0
6/1/1975 54 20 0
7/1/1975 54 20 0
8/1/1975 54 20 0
9/1/1975 54 20 0

10/1/1975 55 20 0
11/1/1975 55 20 0
12/1/1975 55 20 0

   
1/1/1976 55 20 0
2/1/1976 55 20 0
3/1/1976 54 21 0
4/1/1976 54 21 0
5/1/1976 54 21 0
6/1/1976 54 21 0
7/1/1976 54 21 0
8/1/1976 54 21 0
9/1/1976 54 21 0

10/1/1976 54 21 0
11/1/1976 54 21 0
12/1/1976 54 21 0

   
1/1/1977 53 21 0
2/1/1977 54 21 0
3/1/1977 53 21 0
4/1/1977 53 21 0
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5/1/1977 53 21 0
6/1/1977 53 21 0
7/1/1977 53 21 0
8/1/1977 53 22 0
9/1/1977 53 22 0

10/1/1977 53 22 0
11/1/1977 53 22 0
12/1/1977 53 22 0

   
1/1/1978 53 22 0
2/1/1978 53 22 0
3/1/1978 53 22 0
4/1/1978 53 22 0
5/1/1978 53 22 0
6/1/1978 53 22 0
7/1/1978 53 22 0
8/1/1978 53 22 0
9/1/1978 53 22 0

10/1/1978 53 22 0
11/1/1978 53 22 0
12/1/1978 53 22 0

   
1/1/1979 53 22 0
2/1/1979 53 22 0
3/1/1979 53 22 0
4/1/1979 52 22 0
5/1/1979 51 21 0
6/1/1979 51 21 0
7/1/1979 52 21 0
8/1/1979 54 22 0
9/1/1979 55 22 0

10/1/1979 54 22 0
11/1/1979 53 22 0
12/1/1979 53 22 0

   
1/1/1980 53 22 0
2/1/1980 53 22 0
3/1/1980 54 22 0
4/1/1980 54 17 0
5/1/1980 54 16 0
6/1/1980 54 22 0
7/1/1980 53 22 0
8/1/1980 53 22 0
9/1/1980 54 22 0

10/1/1980 52 22 0
11/1/1980 54 22 0
12/1/1980 52 22 0

   
1/1/1981 53 22 0
2/1/1981 54 22 0
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3/1/1981 54 22 0
4/1/1981 54 22 0
5/1/1981 54 22 0
6/1/1981 54 22 0
7/1/1981 53 22 0
8/1/1981 54 22 0
9/1/1981 52 22 0

10/1/1981 53 22 0
11/1/1981 52 22 0
12/1/1981 51 22 0

   
1/1/1982 52 22 0
2/1/1982 52 22 0
3/1/1982 52 22 0
4/1/1982 53 22 0
5/1/1982 53 22 0
6/1/1982 51 19 0
7/1/1982 55 22 0
8/1/1982 55 23 0
9/1/1982 55 23 0

10/1/1982 55 23 0
11/1/1982 56 23 0
12/1/1982 55 23 0

   
1/1/1983 55 23 0
2/1/1983 55 23 0
3/1/1983 56 24 0
4/1/1983 56 24 0
5/1/1983 56 24 0
6/1/1983 56 24 0
7/1/1983 56 24 0
8/1/1983 56 24 0
9/1/1983 55 24 0

10/1/1983 56 23 0
11/1/1983 55 23 0
12/1/1983 54 24 0

   
1/1/1984 54 24 0
2/1/1984 55 24 0
3/1/1984 55 24 0
4/1/1984 55 24 0
5/1/1984 54 24 0
6/1/1984 54 24 0
7/1/1984 54 24 0
8/1/1984 54 24 0
9/1/1984 54 24 0

10/1/1984 54 24 0
11/1/1984 56 24 0
12/1/1984 56 24 0
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1/1/1985 55 24 0
2/1/1985 56 24 0
3/1/1985 54 26 0
4/1/1985 54 26 0
5/1/1985 53 26 0
6/1/1985 54 26 0
7/1/1985 54 26 0
8/1/1985 54 26 0
9/1/1985 54 26 0

10/1/1985 54 26 0
11/1/1985 54 26 0
12/1/1985 55 26 0

   
1/1/1986 54 25 0
2/1/1986 54 26 0
3/1/1986 54 25 0
4/1/1986 54 26 0
5/1/1986 54 26 0
6/1/1986 55 26 0
7/1/1986 55 26 0
8/1/1986 53 26 0
9/1/1986 55 26 0

10/1/1986 53 26 0
11/1/1986 54 26 0
12/1/1986 54 26 0

   
1/1/1987 55 26 0
2/1/1987 56 26 0
3/1/1987 55 26 0
4/1/1987 55 26 0
5/1/1987 54 26 0
6/1/1987 54 26 0
7/1/1987 54 26 0
8/1/1987 54 26 0
9/1/1987 54 26 0

10/1/1987 54 26 0
11/1/1987 54 26 0
12/1/1987 54 26 0

   
1/1/1988 53 26 0
2/1/1988 53 26 0
3/1/1988 52 26 0
4/1/1988 53 26 0
5/1/1988 53 26 0
6/1/1988 53 26 0
7/1/1988 53 26 0
8/1/1988 53 26 0
9/1/1988 53 26 0

10/1/1988 53 25 0
11/1/1988 53 25 0
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12/1/1988 53 25 0
   

1/1/1989 52 25 0
2/1/1989 52 25 0
3/1/1989 51 25 0
4/1/1989 52 25 0
5/1/1989 52 25 0
6/1/1989 52 26 0
7/1/1989 52 26 0
8/1/1989 52 25 0
9/1/1989 52 26 0

10/1/1989 52 26 0
11/1/1989 52 26 0
12/1/1989 52 26 0

   
1/1/1990 52 26 0
2/1/1990 53 23 0
3/1/1990 53 26 0
4/1/1990 53 23 0
5/1/1990 53 21 0
6/1/1990 52 21 0
7/1/1990 52 22 0
8/1/1990 52 24 0
9/1/1990 53 22 0

10/1/1990 51 21 0
11/1/1990 50 19 0
12/1/1990 53 24 0

   
1/1/1991 53 23 0
2/1/1991 52 22 0
3/1/1991 52 22 0
4/1/1991 51 20 0
5/1/1991 51 20 0
6/1/1991 52 20 0
7/1/1991 52 19 0
8/1/1991 51 20 0
9/1/1991 51 20 0

10/1/1991 51 20 0
11/1/1991 51 20 0
12/1/1991 51 20 0

   
1/1/1992 50 20 0
2/1/1992 48 20 0
3/1/1992 52 20 0
4/1/1992 50 19 0
5/1/1992 52 20 0
6/1/1992 52 20 0
7/1/1992 52 20 0
8/1/1992 52 20 0
9/1/1992 52 19 0
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10/1/1992 52 20 0
11/1/1992 52 19 0
12/1/1992 52 19 0

   
1/1/1993 52 19 0
2/1/1993 53 19 0
3/1/1993 51 18 0
4/1/1993 51 18 0
5/1/1993 51 17 0
6/1/1993 50 17 0
7/1/1993 50 18 0
8/1/1993 49 18 0
9/1/1993 47 18 0

10/1/1993 46 18 0
11/1/1993 46 18 0
12/1/1993 45 18 0

   
1/1/1994 41 18 0
2/1/1994 39 17 0
3/1/1994 39 17 0
4/1/1994 38 19 0
5/1/1994 38 16 0
6/1/1994 39 16 0
7/1/1994 39 16 0
8/1/1994 38 16 0
9/1/1994 39 17 0

10/1/1994 38 17 0
11/1/1994 39 11 0
12/1/1994 39 12 0

   
1/1/1995 39 13 0
2/1/1995 39 12 0
3/1/1995 39 12 0
4/1/1995 39 12 0
5/1/1995 39 12 0
6/1/1995 39 12 0
7/1/1995 39 12 0
8/1/1995 39 12 0
9/1/1995 39 13 0

10/1/1995 39 11 0
11/1/1995 39 10 0
12/1/1995 41 11 0

   
1/1/1996 42 14 0
2/1/1996 42 13 0
3/1/1996 42 12 0
4/1/1996 40 14 0
5/1/1996 40 12 0
6/1/1996 40 12 0

   



 
81

 
 
Number and timing of wells converted (producer to injection or to disposal): 
 
 

SCU CONVERTED WELLS 
FROM PRODUCER TO INJECTION 

  

 1st Month 
 Date 

Number Injection 
Well on 

  

 
005W06 7/1/1965 
008W05 7/1/1965 
001W04 7/1/1965 
003W05 10/1/1965 
008W08 2/1/1966 
007W04 2/1/1966 
006W03 2/1/1966 
005W01 3/1/1966 
006W11 3/1/1966 
002W13 3/1/1966 
002W06 3/1/1966 
008W04 5/1/1968 
005W04 5/1/1972 
008W07 2/1/1973 
008W01 2/1/1973 
008W09 11/1/1973 
002W16 3/1/1976 
008W11 6/1/1979 
004W01 3/1/1983 
008W15 3/1/1985 
009W02 3/1/1985 
004W03 6/1/1989 

 
 

 
 
Tertiary 
 
Start date: 
 
July 1996 
 
Project life: 
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Expected 25 years + , dependent on oil pricing and operating expense. 
 
Estimated incremental recovery: 
 
12.4 MMSTB above waterflood recovery 
 
Monthly production by well: 
 
Individual expected well production data is supplied in the simulation output. 
 
Type of injectant: 
 
CO2 
 
Injection schedule (Bbl/day/well): 
 
Individual expected well injection data is supplied in the simulation output. 
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Number and timing of new wells drilled (producer, injection, disposal): 
 
 

SCHEDULE OF WORK 
(WELLS) 

 
          
1995  
    Drill Well RC-3 (6-24)     
 
1996 
    Drill Wells H-1 and H-2     
    Drill vertical wag injector 206C (2-26W) 
    Drill two leaseline vertical wag injectors 707 and M17C  
    Equip 615W as wag injector 
    Drill producing wells 798, 7-12, 6-22 and 799 
    Reactivate producers 705 and 620 
    Convert to water injection wells 2-21, 8-18, 8-03, 6-18  
  and 5-02 
 
1997 
    Reactivate 6-16W as leaseline water injector   
    Reactivate producers 6-19, 7-02, 7-08 and 8-13 
    Drill vertical wag injector 208C (2-27W) 
 
1998 
    Drill producing wells 203A and 699    
    Reactivate producers 2-20 and 6-05 
 
1999+ 
    Drill four replacement producers (locations to be  
  determined) 
    Convert to wag injection: RC3 and 224C  
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Number and timing of wells converted (producer to injection or to disposal): 
 
See above 
 
SUMMARY OF WELLS: FOR EACH WELL IN THE PROJECT AREA 
 
Well Name, Existing well or Project well, API Reference No., Completion Data, Formation top 
(MD & TVD), Formation base (MD & TVD), Total depth (MD & TVD), Vertical or 
Horizontal,  Horizontal: radius, lateral, TVD, MD, Status (producing; flowing or artificial lift; 
Type of artificial lift), Perforated intervals (MVD), Cored intervals, Completion Type 
(openhole, gravel pack, cased and perforated, etc), Stimulation type (acid, fracture treatment). 
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FIGURE IV 
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FIGURE IV 
 

FIELD PRODUCTION CONSTRAINTS AND DESIGN LOGIC 
 
 
Qualitative Review of Reservoir Description and Development History 
 
The South Cowden Unit (SCU) produces from the Grayburg and San Andres Formations of Permian 
age.  These formations were deposited in shallow carbonate shelf environments along the eastern margin 
of the Central Basin Platform.  The primary target for carbon dioxide (CO2) flood development under 
the proposed project is a 150 - 200 foot gross interval within the San Andres at an average depth of 
4550 feet. 
 
South Cowden was discovered in 1940 and unitized for secondary recovery waterflood operations 
beginning in 1965.  The Unit was nearing its economic limit, producing about 400 BOPD at a water-cut 
of 95% from 38 active producers and 15 active water injectors.  Ultimate primary plus secondary 
recovery was expected to be about 35 million STB or approximately 40 percent of the original oil-in-
place.  The original oil-in-place for the South Cowden Unit is estimated to be 86.5 million barrels. 
 
CO2 flood potential at South Cowden was first evaluated in 1982.  The study concluded South 
Cowden reservoir is an excellent technical candidate for CO2 flooding.  Plans were made in the early 
1980's to implement a CO2 miscible WAG project using a conventional 40-acre five-spot pattern 
development.  These plans were postponed following the oil price collapse in the mid-1980's.  A 
second full feasibility study was conducted in 1991.  The study indicated excellent incremental CO2 oil 
recovery potential; however the project did not meet minimum economic guidelines using a conventional 
CO2 development approach. 
 
The Budget Phase 1 project focused on reducing initial investment cost by utilizing horizontal injection 
wells and concentrating the project in the best productivity area of the field.  An innovative CO2 
purchase agreement (no take or pay requirements, CO2 purchase price tied to WTI oil price) and gas 
recycle agreements (expensing cost as opposed to large capital investments for compression) were 
negotiated to further improve project economics. 
 
A detailed reservoir characterization study was completed by an integrated team of geoscientists and 
engineers.  The study consisted of detailed core description, integration of  log response to core 
descriptions, mapping of the major flow units, evaluation of porosity and permeability relationships, 
geostatistical analysis of permeability trends, and direct integration of reservoir performance with the 
geological interpretation.  The study methodology fostered iterative bi-directional feedback between the 
reservoir characterization team and the reservoir engineering/simulation team to allow simultaneous 
refinement and convergence of the geological interpretation with the reservoir model.  The fundamental 
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conclusion from the study was that South Cowden exhibits favorable enhanced oil recovery 
characteristics, particularly reservoir quality and continuity. 
 
Detailed core descriptions were made of two full cores and several partial cores from the South 
Cowden Unit.  Core information from the contiguous Emmons and Moss Units were also incorporated 
into the study.   The core study concluded reservoir quality at South Cowden Unit was controlled 
primarily by the distribution of a bioturbated and diagenetically altered rock type with a distinctive 
“chaotic” texture.  The “chaotic” modifier derives from the visual effect of pervasive, small-scale 
intermixing of tan oil-stained reservoir rock with tight gray non-reservoir rock.   
 
The San Andres section is divided into multiple zones based on the core study and gamma ray markers 
that correlated across the unit.  The type log for South Cowden Unit Well No. 8-19 is shown as Figure 
IV.1. Each zone is mapped as continuous across the field.  The “chaotic” reservoir rock extends from 
Zone C to the lower part of Zone F.  Zones D and E are considered the main floodable zones, with 
Zone F also productive in some areas and Zone C productive above the oil-water contact, in the 
structurally higher parts of the lease. 
 
RFT measurements indicated good vertical pressure communication between Zones D and E, fair 
communication with Zone F, and poor communication with Zone C.  The lower part of Zone F is 
separated from Zone E by a thin silty dolomite layer, which may hinder efficient vertical sweep between 
the two zones.   Zone C is effectively isolated from the zones above.  Open-hole hydraulic fracture tests 
indicated a strong tendency for induced fractures to grow downward from the productive zones to Zone 
A, a high permeability, water bearing grainstone layer. 
 
Understanding of reservoir rock distribution, identification of vertical pressure barriers within the 
reservoir (especially relative to the oil-water contact), and recognition of the nature of hydraulic fracture 
propagation in the reservoir were critical to the formulation of  the CO2 flood development plan: 
Horizontal WAG injection wells placed downstructure in Zones D and E, which are above the oil-water 
contact throughout the project area and do not have internal vertical pressure barriers.  Vertical WAG 
injection wells placed upstructure, where Zone C is above the oil-water contact but isolated by a 
vertical pressure barrier from the CO2 sweep in Zones D and E.  Perforation of the lower part of Zone 
F in vertical injectors will compensate for the vertical sweep inefficiency across the weak pressure 
barrier between Zone F and E.  Injection pressures in both horizontal and vertical WAG injectors will 
be kept below the fracture gradient (0.58 psi/ft) to minimize CO2 losses to deeper, nonproductive 
zones.   
 
A full-field reservoir simulation model was constructed covering all of the South Cowden Unit (SCU), 
Emmons Unit and a portion of Unocal’s Moss Unit, both of which border SCU to the north.  Model 
grid and layering were laid out to conform to the geological configuration of the reservoir.  Porosity, 
permeability, and flow properties of the major reservoir facies identified by the reservoir characterization 
team were incorporated into the model.  An iterative, “predictive” history matching approach was 
employed whereby the team were involved in making refinements to reservoir description until the 
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model was able to accurately predict historical waterflood performance.  This predictive approach 
provides added confidence in future performance forecasts. 
 
Critical laboratory data on CO2/oil phase behavior, minimum miscibility pressure, and oil recovery 
efficiency were matched and incorporated into the model.  The model was then used to evaluate 
alternative CO2 project developments, including the optimum use of horizontal CO2 injection wells.  The 
most attractive project development incorporated both horizontal and vertical CO2 injection wells to 
conform to the  reservoir geology and maximize sweep efficiency.  This configuration is presented as the 
AFE “Base Case” development plan. 
 
Problem Statement - Constraints On Further Producibility 
 
Technological and Economical 
 
Many United States oil fields in shallow shelf carbonate (SSC) reservoirs have been producing for 40 
years or more, are fully developed, and have produced large volumes of oil through  successful primary 
and secondary (waterflooding) operations.  Increasingly these fields are approaching their economic 
limit and face abandonment within the next decade despite having one-half to two-thirds of the original 
oil-in-place in these fields will remain in the reservoir (Bebout et al, 1987).  Carbon dioxide (CO2) 
miscible flooding has been demonstrated to be a technically viable tertiary enhanced oil recovery 
process to extend producing life and significantly increase ultimate recovery.  However, many of these 
SSC reservoirs nearing  economic limit will soon face an abandonment decision and will probably not 
be developed as tertiary (CO2) enhanced oil recovery projects.   
 
There are several key producibility problems, both technical and economic, which prevent more 
widespread application of tertiary (CO2) miscible flooding in these reservoirs: 
 
1. Under-utilization of existing reservoir characterization technology, particularly by operators of 

smaller fields.  A practical, multi-disciplinary  reservoir characterization approach is essential 
to understand the internal architecture of the reservoir, delineate the high potential portions of 
the field, and guide the successful application of any advanced technology (Bebout et al, 1987). 

 
2. One of the most significant obstacles to implementing a tertiary CO2 flood project is that only 

old wellbores and surface facilities are available.  Often, most of the existing wellbores and 
facilities are not suitable for use in a CO2 injection project. Application of a tertiary CO2 flood 
requires a large investment in new wells, surface facilities, gas processing plants, etc. 
Conventional CO2 project development practices have been directed primarily toward large 
projects where sizable economies of scale can significantly improve economics.  If the industry 
restricts itself to using existing, conventional approaches to development, projects will not be 
economically viable in most smaller SSC reservoirs.   

 
3. Limitations in the effectiveness of the CO2 flood process itself, resulting primarily from poor 

sweep efficiency obtained with a low viscosity, high mobility injectant. Problems with sweep 



 
91

efficiency result in using a water-alternating-gas (WAG) process for mobility control in most 
CO2 floods.  This increases time required to recover incremental oil and reduces project 
economics.  Research work into various chemical methods (CO2/surfactant foams, direct 
thickening agents for CO2, polymers, etc.) to improve mobility control in CO2 floods is 
continuing.  Phillips conducted a field trial of CO2 mobility control foam in the East Vacuum 
Grayburg-San Andres Unit in Lea County, New Mexico.  However, Phillips also believes there 
is significant potential to improve sweep efficiency and reduce costs in CO2 flood projects 
through use of horizontal injection wells rather than existing pattern development using vertical 
injection wells. 

 
Phillips Petroleum proposed to address these producibility problems by demonstrating economic 
viability of an innovative reservoir management and development strategy : multiple horizontal CO2 
injection wells drilled from a central location, and a comprehensive reservoir characterization study by 
an integrated, multi-disciplinary team determining optimum location, orientation, and completion 
configurations. The use of horizontal wells drilled from a centralized location: (1) reduces the number of 
new injection wells and equipment; (2) allows concentration of surface reinjection facilities; and (3) 
minimizes costs associated with CO2 distribution system.  This significantly reduces initial investment to 
implement a tertiary CO2 flood project.  In addition, use of horizontal CO2 injection wells provides 
better areal sweep efficiency when compared with CO2 injection into vertical wellbores.  As a 
consequence this should allow a larger initial slug CO2 before a water-alternating-gas (WAG) process is 
implemented for mobility control. Also, with improved areal sweep, optimum WAG ratio will lower and 
this should consequently improve project economics. 
 
 
Safety, Property Loss and Environmental Risks 
 
Below is a preliminary risk assessment for the South Cowden CO2 Injection Project.  This assessment 
provides an initial review of safety, property loss and environmental risks associated with the project.  
Additional reviews will be conducted as considered prudent. 
 
The most significant potential hazard, public hydrogen sulfide (H2S) exposure, was reviewed in detail.  
Dispersion modeling results indicated the worst case release would not result in public exposure to 
hazardous concentrations of H2S.  Reasonable precautions are planned to protect the public from 
accidental H2S release. 
 
A review of the risks and precautions are given below: 
 
 
Risks 
 
A. Safety 
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The primary safety risk relates to release of hydrogen sulfide.  There are four main scenarios for which a 
release of H2S may occur.  
 
1. Blowout of Injection Well 
2. Rupture of Reinjection System 
3. Blowout of Producing Well 
4. Rupture of Field Production Header 
5. Rupture of Production Flowline 
 
Of these, only blowout of a CO2 injection well is considered serious.  Both “horizontal” injectors will be 
able to inject approximately 5 MMCFD maximum injection rate.  Although the potential of the wells 
was unknown, a conservative estimate of 7.5 MMCFD was used for worst case calculation of 100 
parts per million (ppm) radius of exposure for an uncontrolled blowout.  Mark Deese of Phillips  safety 
department, Bartlesville ran TRACE dispersion modeling and calculated a 100 ppm radius of exposure 
(ROE) of 928 feet.  Since surface injection well locations are more than 2000 feet from the nearest 
residence, public exposure to hydrogen sulfide should not be hazardous. Additional modeling for rupture 
of CO2 and production headers was found to be of significantly less concern than blowout of an injector 
well. 
 
Producing well rates closest to residential areas were reviewed. It was determined existing gas 
production rates were so low that flowline rupture would present little potential for 100 ppm H2S public 
exposure.  The scenario of a producing well blowout was considered unlikely because of low oil and 
gas production rates and very high water production rates for the wells located in proximity to the 
residential areas.  None of the producing wells were flowing wells and all produced through pumping 
units.  Existing producers in and near the residential area were planned to be converted into a “ring” of 
water injection wells.  This conversion is intended to eliminate concerns of H2S exposure due to 
wellhead/flowline leaks near the residential area. 
 
B. Property Damage 
 
The primary cause of property damage would be a tank battery fire.  The consequences of a tank 
battery fire would generally be cost of replacement tanks and/or process equipment and production 
delay while reconstructing facilities.  In the event of a battery fire, surplus tanks and vessels are available 
at low cost.  Also, temporary tanks and production equipment could be utilized to minimize down time 
associated with a fire loss. 
 
Fire risk to the public is minimal considering the distance from the tank batteries to public property.  The 
risk to operating personnel is minimal, since Phillips North America Production (NAP) hot work and 
hot tapping procedures preclude operations, which would present fire hazards.  Also, incipient fire 
training is periodically provided to operations personnel. 
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Following a tank battery fire, some environmental remediation would be required.  However, this would 
likely involve the standard practice of aerating and fertilizing the contaminated soil until oil content is 
within Texas Railroad Commission limits. 
 
C. Environmental 
 
Oil spill represents the greatest risk of environmental damage.  However, the South Cowden Field is not 
located in an environmentally sensitive area.  There are no waterways, wetlands, endangered species 
habitats or other sensitive areas, which would be affected by an oil spill.  The field is not considered to 
fall under SPCC requirements.  Spills would be remediated according to Texas Railroad Commission 
requirements. 
 
Precautions  
 
A. Hydrogen Sulfide 
 
Fixed H2S monitors will be installed at the tank battery, production headers and along the property line 
between the field and the residential areas.  These monitors will alarm upon detection of H2S and will 
automatically “call out” to notify appropriate personnel of H2S detection.  Additionally, fixed CO2 
monitors will be installed at the injector wells and at the CO2 header and will also be connected to an 
alarm/call out system. 
 
A written Hydrogen Sulfide Contingency Plan will be prepared for the project. 
 
B. Reinjection System Safety Devices 
 
The CO2 reinjection system is being equipped with appropriate safety sensors and shut down devices 
which will isolate the system in the event of an undesirable event such as a leak.  Dupont’s TRACE 
model was used to determine chemical concentrations and cloud dynamics for this spill.  The model 
simulates a theoretical release of carbon dioxide.  Several release scenarios were modeled to determine 
the maximum distance where 4900 ppm occurs, which is approximately equivalent to 100 ppm of H2S.  
Various emission rates were used based on the data supplied.  Each emission rate was modeled with 
different wind speeds of 5 mph, 10 mph, and 15 mph.  Also, each emission rate was modeled with 
different temperatures of 30 F, 70 F, and 110 F. 
 

Year 
 
 

Mass 
Available 
(lbs/sec) 

  5 
MPH  
 
30 F 

  5 
MPH 
 
70 F 

  5 
MPH 
 
110 F 

 10 
MPH 
 
30 F 

  10 
MPH 
 
70 F 

  10 
MPH 
  
110 F 

  15 
MPH 
 
30 F 

  15 
MPH 
 
70 F 

  15 
MPH 
 
110 F 

1995 .0018 66' 132' 132' 264' 264' 264' 396' 396' 396' 

1998 1.057 281' 269' 268' 304' 256' 253' 264' 344' 320' 

2001 2.292 418' 393' 380' 349' 358' 347' 398' 389' 343' 
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2005 3.224 501' 471' 559' 387' 397' 393' 357' 391' 374' 

2010 4.278 578' 544' 528' 447' 449' 455' 457' 466' 398' 

2015 5.274 656' 656' 585' 513' 498' 489' 493' 502' 430' 

           

MAX 9.86 890' 928' 798' 704' 657' 628' 636' 630' 556' 

   
 
The worst case showed the furthest distance where 4900 ppm of CO2 occurs was 928 feet downwind 
from source.  From this modeling, if light winds are present during an accidental release, reasonable 
precautions should be taken to protect the community surrounding this facility.  Modeling results are 
“best guess” and usually conservative. 
 
Land Purchase Premise 
 
The acreage under Section 17 Block 42, which is the location of the Tract 6 Battery and the future 
location of the injection facilities will be purchased.  The acreage will extend from the north boundary of 
the section to the 385 Highway, then to the diagonal line of the 385 Ranch West Estates, then to the 
west line of the section, then back to the north line.  Some additional lots south of the diagonal line will 
be purchased as well. 
 
The intent of this purchase is as follows: 
 
1. Reduce the cost of payment of damages. 
2. Reduce the safety hazards from CO2 or H2S. 
3. Allow uninhibited development of the main CO2 flooded area. 
 
See attached Figure IV.2 for map of estimated area of CO2 exposure and land purchase. 
 
 
Method of Problem Detection 
 
Application of New Tools or Techniques 
 
The purpose of the project is to design an optimum CO2 flood project utilizing advanced reservoir 
characterization and CO2 horizontal injection wells, demonstrate the performance of this project and 
transfer the information to the public so it can be used to avoid premature abandonment of other fields.  
The Unit’s producibility problem is that it is a mature flood with watercut exceeding 95%.  Oil must be 
mobilized through the use of miscible or near-miscible fluid in order to recover significant additional 
reserves.  As the unit is relatively small, it does not have the benefit of economies of scale inherent in 
large scale projects. Thus, new and innovative methods are required to reduce the investment and 
operating costs. 
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The project focused on reducing initial investment by utilizing horizontal injection wells and concentrating 
the project in the best productivity area of the field.  An innovative CO2 purchase agreement (no take or 
pay requirements, CO2 purchase price tied to WTI oil price) and gas recycle agreements (expensing 
cost as opposed to large capital investments for compression) were negotiated to further improve 
project economics. 
 
A detailed reservoir characterization study was completed by an integrated team of geoscientists and 
engineers.  The study consisted of detailed core description, integration of  log response to core 
descriptions, mapping of major flow units, evaluation of porosity and permeability relationships, 
geostatistical analysis of permeability trends, and direct integration of reservoir performance with the 
geological interpretation.  The study methodology fostered iterative bi-directional feedback between the 
reservoir characterization team and the reservoir engineering/simulation team to allow simultaneous 
refinement and convergence of the geological interpretation with the reservoir model.  The fundamental 
conclusion from the study is that South Cowden exhibits favorable enhanced oil recovery 
characteristics, particularly reservoir quality and continuity. 
 
Understanding of reservoir rock distribution, identification of vertical pressure barriers within the 
reservoir (especially relative to the oil-water contact), and recognition of the nature of hydraulic fracture 
propagation in the reservoir were critical to the formulation of the CO2 flood development plan.  
Horizontal WAG injection wells placed downstructure in Zones D and E, which are above the oil-water 
contact throughout the project area and do not have internal vertical pressure barriers.  Vertical WAG 
injection wells placed upstructure, where Zone C is above the oil-water contact but isolated by a 
vertical pressure barrier from the CO2 sweep in Zones D and E.  Perforation of the lower part of Zone 
F in vertical injectors will compensate for the vertical sweep inefficiency across the weak pressure 
barrier between Zone F and E.  Injection pressures in both horizontal and vertical WAG injectors will 
be kept below the fracture gradient (0.58 psi/ft) to minimize CO2 losses to deeper, nonproductive 
zones. 
 
A full-field reservoir simulation model was constructed covering all of the South Cowden Unit (SCU), 
Emmons Unit and a portion of Unocal’s Moss Unit, both of which border the SCU to the north.  Model 
grid and layering were laid out to conform to geological configuration of the reservoir.  Porosity, 
permeability, and flow properties of the major reservoir facies identified by the reservoir characterization 
team were incorporated into the model.  An iterative, “predictive” history matching approach was 
employed whereby the team were involved in making refinements to the model reservoir description 
until the model was able to accurately predict historical waterflood performance.  This predictive 
approach provides added confidence in future performance forecasts. 
 
Critical laboratory data on CO2/oil phase behavior, minimum miscibility pressure, and oil recovery 
efficiency were matched and incorporated into the model.  The model was then used to evaluate 
alternative CO2 project developments, including the optimum use of horizontal CO2 injection wells.  The 
most attractive project development incorporated both horizontal and vertical CO2 injection wells to 



 
96

conform to the reservoir geology and maximize sweep efficiency.  This configuration is presented as the 
AFE “Base Case” development plan. 
 
Inconsistency Between the Design and Actual Performance 
 
This issue will be addressed in the Topical Report at the end of Budget Period II. 
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Figure IV.1.    Type log for South Cowden Unit Well No. 8-19 
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Figure IV.2  Map of CO2 Radius of Exposure Area 
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FIGURE V 
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FIGURE V 
 

EVALUATION OF COST-SHARE PROJECT RESULTS  
 
Type of Project 
 
The South Cowden cost-share project is designed as a tertiary, miscible carbon dioxide (CO2) injection 
project. The South Cowden Unit (SCU) is an example of a mature waterflood, rapidly reaching its 
economic limit. Performance of the waterflood has been very good, however field average watercut 
approached 95 percent. Selective infill drilling over the past few years has met with limited success, 
leaving tertiary enhanced oil recovery as the remaining prospect for extending field life. The 
demonstration project at South Cowden will use horizontal CO2 injection wells drilled and operated 
from a centralized facilities area. The most effective well configuration for South Cowden utilizes 
horizontal CO2 injectors in downdip locations, in combination with vertical injection wells in updip 
locations. 
 
Injection Program 
 
Type of Injectant 
 
The tertiary injectant in the South Cowden project will be carbon dioxide. The injected CO2 will be 
multi-contact miscible with reservoir crude at reservoir conditions expected during the project 
operations. Simulation modeling forecasts, discussed in following sections, show significant advantages 
in oil recovery efficiency when using a WAG (water-alternating-gas) injection scheme vs. continuous 
CO2 injection. The WAG process improves mobility control for the CO2 injection process and 
increases sweep efficiency. WAG injection would be started after injection gas breakthrough has 
occurred at several producing wells. 
 
Injection Schedule 
 
The project development plan calls for CO2 injection into two horizontal wells and five vertical wells.  
The existing well configuration and plans for development under the cost-share project are illustrated 
below. The horizontal wells (1650 feet and 2400 feet lateral sections) are forecast to inject  4.7  and 
5.1 MMCFPD/well, respectively.  The five vertical injection wells are forecast to average about 1.4 
MMCFPD/well (ranging from 0.9 to 1.8 MMCFPD). Thus, the horizontal wells are expected to 
average about 3.5 times the injection rate of an average vertical well.  Figure V.1 is a map indicating the 
project area, and location of proposed WAG injection wells. 
 
Injection Pattern (prior to inception of the cost-share project) 
 
There was no well-established waterflood injection pattern in the South Cowden Unit prior to inception 
of the cost-share project. Water injection at the Unit began in 1965 with peripheral injection into wells 
around the edge of the producing structure, near the oil/water contact. Leaseline cooperative water 
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injection was added in the mid-1970's along the northern boundary of the Unit with the Emmons and 
Moss Units. In the late 1970's through the mid-1980's, several additional water injection wells were 
added at selected locations in the interior of the Unit without any formal pattern development. 
 
Number and Schedule of New Producers Drilled 
 
The planned project development included drilling a total of seven additional producing wells. Five of 
these were planned as replacement wells for existing producers known to have poor mechanical 
integrity. Three producing wells were scheduled to be drilled in late 1995, two more in 1996, and the 
remaining two wells drilled in 1997-1998. 
 
Number and Schedule of New Injectors Drilled 
 
The planned project development included drilling of two horizontal CO2 injection wells and four 
vertical CO2 injection wells. Two vertical CO2 injection wells were scheduled to be drilled in late 1995 
and the two horizontal CO2 injection wells and two additional vertical injectors for 1996. 
 
Number and Schedule of Conversion Wells 
 
There were no plans for conversions of producing wells to CO2 injection in the project because of 
mechanical integrity and safety concerns, as well as the potential for out-of-zone losses of expensive 
CO2 injectant. There were plans for one existing water injection well, which shows a good "in-zone" 
injection profile, to be equipped for CO2 injection service. Six existing producing wells around the 
perimeter of the CO2 project area were planned for conversion to water injection. This would create a 
ring of water injectors around the CO2 flood project area to provide containment of the injected CO2. 
 
  
Simulation Study 
 
Type of Simulator Used 
 
Both fully compositional and modified black-oil mixing parameter simulations were used in the South 
Cowden project evaluation and design study. Compositional simulation was used for process 
mechanism and reservoir characterization sensitivity studies. A modified black-oil, mixing parameter 
simulator was used for full-field modeling studies, but only after being tuned in benchmarking studies 
with the compositional model, as discussed below. 
 
Compositional simulators have the advantage of allowing a more rigorous and realistic treatment of 
phase behavior and mass transfer effects during the multi-contact CO2/oil displacement process. 
However, they require much more computational effort and computing time - particularly when 
simulating complex phase behavior. These factors can be major limitations when very large, full-field 
simulations are needed to model effects of heterogeneity and sweep efficiency in cases where irregular 
well patterns or horizontal wells are used, such as in the South Cowden project. 
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Modified black-oil, mixing parameter simulators have the advantage of requiring less computational 
effort and computing time because they assume a simplified, first-contact miscible phase behavior, 
adjusted or modified with empirical mixing rules to describe the effective transport and displacement 
characteristics. These empirical parameters must be correctly specified either by history matching of 
field performance or by matching the CO2 flood process performance against a compositional simulator. 
This approach allows incorporation of more detailed heterogeneity into the reservoir model and is more 
practical for simulation of large-scale problems. In many cases, correct representation of reservoir 
heterogeneity has a larger impact on CO2 flood performance than does the degree of rigor used in 
representing the phase behavior. 
 
A five-spot pattern model with reservoir properties representative of the "sweet spot" in the proposed 
South Cowden project area was set up and run on both the compositional and mixing parameter 
simulators. Empirical parameters in the mixing parameter model were adjusted until its performance 
matched that obtained with the fully compositional simulator using a 16-component EOS to represent 
fluid phase behavior. Parallel runs were made on the two simulators during reservoir characterization 
sensitivity studies to assess the response to changes in layering, Kv/Kh, grid  size, etc. and ensure that 
comparable performance was obtained with the mixing parameter model under a wide range of 
displacement conditions. 
 
The mixing parameter model initially produced optimistic results compared with the compositional 
simulations. Several factors were identified as contributing to this difference. First, unadjusted CO2 
injectivity was higher in the mixing parameter model. Apparently, compositional phase behavior effects 
resulted in a lower CO2-rich phase mobility. Code changes were made in the mixing parameter 
simulator to allow adjustments to the solvent phase relative permeability to better match both 
experimental data and compositional model injectivity. Secondly, additional code changes were made to 
incorporate CO2 solubility in the aqueous phase in the mixing parameter simulator. Correctly modeling 
this effect reduced incremental CO2 flood oil recovery by 8-10%, depending on WAG strategy, and 
resulted in increased gas production during the later project life. Third, the compositional model 
produced a significant fraction (7-8%) of the total incremental hydrocarbons as NGL's in the separator 
gas stream. This compositional behavior could not be simulated with the simplified phase behavior used 
in the mixing parameter model. Oil recovery predictions from the mixing parameter simulations were 
adjusted to account for this effect. Finally, areal and vertical sweep efficiency comparisons showed the 
displacement to be slightly less efficient in the compositional simulations than in the mixing parameter 
simulations. The value of the mixing parameter (omega) was adjusted until the mixing parameter model 
performance matched the compositional model results. With these adjustments to the empirical 
parameters in the mixing parameter model, comparable performance forecasts were obtained from the 
two simulation models over a wide range of conditions of heterogeneity and WAG strategy. 
 
Grid size sensitivity studies were conducted to aid in selecting a full-field model grid. The fivespot 
pattern model was used for these studies. The sensitivity of waterflood response to areal grid size and 
numerical dispersion is shown in Figure V.2. Too coarse an areal grid resulted in early water 
breakthrough and lower waterflood oil recovery. The compositional and mixing parameter models 



 
103

produced comparable primary depletion and waterflood forecasts. Cumulative oil production vs. time 
for the two models is shown in Figure V.3. Areal sweep and displacement characteristics were also 
similar, as shown by the saturation profiles at the end of waterflood (Figure V.4). 
 
Incremental CO2 flood oil recovery was also affected by numerical effects due to areal grid size. Figure 
V.5 shows the effect of areal model grid cell size on incremental oil recovery for both the compositional 
and mixing parameter models. The two models converge to the same value as grid cell size is reduced 
and numerical effects are eliminated. Incremental recovery appears to be more sensitive to grid size 
effects in the mixing parameter model than in the compositional model in this case. 
 
Grid size sensitivities were also run to look at the impact of vertical grid resolution, or number of layers, 
on CO2 flood performance. Figures V.6 and V.7 show some sensitivity of performance to layer 
thickness (number of layers). Incremental oil recovery was reduced about 5% as layer thickness was 
reduced from 20 feet to 2 feet (from 3 layers to 30 layers used to represent the main reservoir interval). 
Gas production response was more sensitive to vertical grid resolution; gas production increased 
approximately 12% as layer thickness was decreased. These results show that using too great a layer 
thickness in the model will tend to underestimate gravity override effects. 
 
Complete Set of Rock and Fluid data Used in the Simulator 
 
1. Historical Production Data by Well 
 
This data is provided in an Oil Field Manager (OFM) database for the project. Oilfield Manager 
(OFM) is a commercially available PC-based software product widely used by both major and 
independent operators in the Permian Basin. The OFM digital database is included with the supporting 
data for this report. 
 
 
2. Historical Injection Data by Well 
 
This data is provided in an Oil Field Manager (OFM) database for the project. 
 
3. PVT Data 
 
A recombined separator fluid sample was taken from the South Cowden reservoir.  The laboratory fluid 
PVT analyses are included with the supporting data for this report. The recombined reservoir fluid 
composition is given in Table V.1. A Peng-Robinson equation with a sixteen component fluid 
description was chosen to initially characterize the South Cowden reservoir fluid. Five pseudo 
components were chosen to characterize the C7+ fraction of the oil. The EOS was tuned to match 
laboratory fluid analysis data with volume translation used to improve the fluid density match. 
 
The experimental data set used for tuning the EOS included differential liberation data; pure component 
injection gas density, viscosity, and Z-factor data; and vapor-liquid equilibrium data from CO2/reservoir 
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oil swelling tests at 15, 30, 41, and 68 mole percent injection gas. A satisfactory match to all 
experimental data was obtained with the sixteen component fluid description given in Table V.2. The 
quality of the match obtained between experimental and EOS predicted fluid properties is shown 
graphically in Figures V.8 - V.18. 
 
The pressure vs. composition diagram for this fluid description is shown in  Figure V.19. Emphasis was 
placed on matching vapor and liquid phase properties and compositions in both the low pressure (634 
psia flash of 41 mol% injection gas) and high pressure (2514 psia flash of 68 mol% injection gas) 
regions of the pressure-composition space investigated by the experimental data. A comparison of 
experimental vs. EOS predicted phase relative volumes, compositions, and intensive properties is 
presented in Table V.3 and Figures V.20 and V.21. Measured saturation pressures were matched to 
within about 150 psi at the lower CO2 concentrations. 
 
After the sixteen component EOS had been tuned to obtain a satisfactory match of the experimental 
data, the number of components was reduced using a stepwise regression procedure to generate a more 
tractable fluid characterization for use in compositional reservoir simulation. A comparable match with 
the experimental data (maximum deviation in any property vs. 16-component characterization about 
7%) was obtained after reduction to an eight component fluid description. The eight component EOS 
fluid characterization is shown in Table V.4. 
 
The final EOS fluid characterizations (both the sixteen component and eight component fluid 
descriptions) were incorporated into a one-dimensional compositional simulation model to predict 
laboratory slim tube displacement behavior. A satisfactory match of laboratory slim tube oil recovery 
and gas-oil ratio behavior was obtained using both fluid characterizations (Figures V.22 and V.23). 
Further  prediction runs were made to characterize the recovery efficiency vs. pressure for CO2 with the 
South Cowden crude (Figure V.24). The minimum miscibility pressure (MMP, defined as the pressure 
where oil recovery efficiency exceeds 90% OOIP at 1.2 PV injection) was determined to be 
approximately 1200 psia. This compares favorably with slim tube displacement experiments conducted 
in the early 1980's using South Cowden stock tank oil which indicated MMP to be approximately 1140 
psig. Current reservoir pressure at the South Cowden Unit is above 2000 psi and substantially above 
the required MMP.  
 
4. Relative Permeability Data 
 
Relative permeability and rock property data were based on special core analysis (SCAL) data from 
five wells in the South Cowden field; these included conventional, oil-base native state, and sponge 
cores. Copies of the SCAL laboratory data and reports are included with the supporting data for this 
report. Data were available for 21 water-oil relative permeability tests (both steady-state and unsteady-
state tests were run); 32 water-oil relative permeability endpoint tests; 15 gas-oil relative permeability 
tests; and eight CO2/oil coreflood tests. Four of the CO2/oil corefloods were special tests designed to 
measure CO2 trapped gas saturation, residual oil to CO2 displacement, and endpoint CO2 and water 
relative permeabilities in a WAG process. Magnetic resonance imaging was used to screen many of the 
core plugs prior to testing to ensure that no "hidden" internal heterogeneities were present in the plugs to 



 
105

add scatter to the data. These data were all normalized and correlated by geologic lithofacies and by 
reservoir zone. This resulted in three major rock types being identified for use in field-wide simulation 
modeling work. Simulator output, including these data and other simulation model input data, is included 
in digital form with the supporting data for this report. 
 
5. Three-dimensional Grid of Porosity, Permeability, and Fluid Saturation 
 
A three-dimensional simulation model of the South Cowden Unit was built using a 54 x 54 areal grid 
with six layers to describe the CO2 flood target interval covering Zones C, D, E, and F described in the 
reservoir characterization work. This simulation model grid contains 17,500 active cells and covers a 
7.5 square mile area incorporating approximately 170 wells. Greater areal grid definition was used in the 
"sweet spot" of the reservoir - identified as the most  attractive potential project area within the Unit. 
The vertical grid was refined within the main reservoir interval (Zone E). This provided the ability to 
incorporate the details of reservoir heterogeneity within the E Zone,  allow simulation of vertical 
movement of fluids due to gravity segregation, evaluate alternative placement of horizontal injection wells 
within the reservoir section and to make sensitivity runs to evaluate variations in permeability 
stratification and effective Kv/Kh ratio. 
 
Individual layer structure, isopach, and porosity maps were digitized and incorporated into the reservoir 
simulation model. Simulator model input data is included in digital form with the supporting data for this 
report.  
 
Porosity vs. permeability relationships, capillary pressure and initial water saturation distribution 
functions, and relative permeability data were input based on the distribution of the three major rock 
types identified in the reservoir characterization work. Initial water saturation varied from approximately 
10% PV in the best reservoir quality rock in the project area to almost 30% PV in the poor reservoir 
quality areas on the western margin of the Unit. The original oil-in-place (OOIP) for the Unit was 
calculated to be 86.5 MMSTB. 
 
Vertical permeability measurements were available on a foot-by-foot basis for whole core analyses from 
three wells in the project area. The measured vertical permeabilities were generally greater than the 
measured horizontal permeabilities in the E Zone in these three wells. Initial Kv/Kh ratios in the model 
were estimated by using harmonic averages for the vertical permeability and using geometric means for 
the areal permeability. This resulted in an average Kv/Kh ratio of 0.21 for the E Zone. In addition, the 
vertical transmissibility was further restricted across several layer boundaries which had been identified 
in the geologic studies as depositional sequence boundaries extending over much of the field area. 
 
6. Rock Compressibility Factor 
 
Average formation rock compressibility for the South Cowden reservoir interval was measured as 
4.25x10-6 psi-1. 
 
Simulation of Performance for Oil , Gas, Water and Reservoir Pressures 
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1. History Match Reservoir Performance prior to  Cost-shared Project 
 
An interactive, "predictive" history matching approach was used to match field performance. In this 
approach, wells are not "forced" to produce or inject at their historical oil production or water injection 
rates. Rather, actual well constraints (operational, facility, and regulatory) are applied to each well along 
with the well's completion and stimulation history, and the wells are allowed to produce or inject as 
much fluid as these constraints and the model reservoir description will allow. For example, constraints 
applied to the South Cowden producing wells include the individual well completion and stimulation 
history, artificial lift constraints governing liquid lifting capacity and producing bottomhole pressure, and 
any regulatory allowable limits which were in effect during early field life. Injection well constraints 
included the completion and stimulation history, and the wellhead injection pressure vs. time. 
 
During history matching, the model reservoir description was adjusted until a satisfactory prediction of 
both primary depletion and waterflood performance was obtained with the model. Prior to major history 
match iterations, several sensitivity cases were often run in which key parameters (e.g. porosity, 
permeability, Kv/Kh, completion efficiency, etc.) were varied in order to demonstrate the magnitude of 
influence of each parameter at this point in the matching process. This approach allowed the entire 
reservoir characterization team to be involved in making decisions as to which model parameters were 
best candidates to adjust to obtain the desired performance and still keep the model consistent with all 
reservoir characterization data. Successful prediction of oil production rate vs. time was the primary 
criterion chosen to determine that a satisfactory history match had been obtained. The key parameters 
which had to be adjusted to match historical performance were the aquifer influx during early producing 
life, effective Kv/Kh ratio, and the permeability vs. porosity transforms used to estimate the three-
dimensional permeability distribution. 
 
The resulting final prediction of oil recovery vs. time for the historical production period is shown in 
Figure V.25. Note that at least some of the wells were constrained by regulatory allowable limits until 
about 1970; after that time all wells were producing at capacity. The corresponding prediction of water 
injection rate vs. time is shown in Figure V.26. The predicted water injection matches actual 
performance very well during the period 1965-1976 when the reservoir is filling up and being 
repressured. After the Unit reaches peak oil production rates in the mid-1970's, measured water 
injection exceeds the simulator predictions by about 25 percent. A review of injection profile surveys 
run in the mid-1980's and available on all but two injectors shows an average of about 30% out-of-zone 
injection. Microfracturing tests run in the two reservoir characterization wells drilled in 1994 indicated 
that fractures in this reservoir tend to initiate in the lower part of the section and grow downward toward 
a high permeability grainstone interval below the oil-water contact. Further evidence of substantial out-
of-zone  injection comes from a single-zone production test of the grainstone interval in the SCU 8-19 
well in 1992. The grainstone interval had sufficient pressure to flow 100% water to the surface. 
 
Over the past two years, wellhead injection pressures have been decreased and in November of 1994, 
a number of injectors with poor injection profiles were shut in. Over this period (1993-1995), the actual 
water injection rate has approached the predicted rate and the two curves match very well after the 
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shut-in of several problem wells in November 1994 (Figure V.26). Figure V.27 compares simulator 
predictions of watercut performance vs. measured field data. The model predictions show a reasonably 
good overall match with historical field performance, however during the period from 1989-1994, the 
predicted watercuts were 90-92% compared with observed watercuts of 94-95%+. This difference is 
substantial, representing about 4000-5000 barrels more water being produced from the field than is 
predicted by the simulation model history match. Much of this excess water was being produced from 
one well (SCU 6-13). This well had been hydraulically fractured and was equipped with an electrical 
submersible pump, producing 4000+ barrels of fluid per day at a  95+% watercut.  After the SCU 6-13 
well was shut-in in late 1994, along with several other high watercut producing wells and offsetting 
injection wells, the field watercut and the model predictions agree very well (Figure V.27). This 
indicates that much of the injected water during this period was probably being ineffectively cycled 
through the reservoir. 
 
The final model predictions also matched individual zone RFT pressures measured in recent project area 
infill wells (SCU 8-19 and 6-23). This pressure match confirmed that the overall material balance in the 
project area was satisfied, and gave additional confidence that effective Kv/Kh ratios between reservoir 
zones was modeled adequately. Besides matching zone-by-zone RFT pressures, the production rate 
and water cut performance of these two wells, plus two additional infill wells drilled in the past few years 
were matched. This provided additional confidence that the current saturation and pressure distribution 
in the model should approximate actual reservoir conditions at the start of CO2 flood operations. 
 
2. Projection of Performance of Cost-shared Project 
 
Numerous full-field simulation runs were made to evaluate CO2 flood performance under various 
configurations of horizontal and vertical wells. Initial runs evaluated the impact of horizontal well length, 
placement, and completion efficiency on CO2 flood performance. Several alternative project 
development options were simulated. These were evaluated for oil recovery efficiency, areal and vertical 
sweep efficiency and CO2 utilization efficiency. Several prediction runs were made for each of the more 
promising cases to evaluate the effect of uncertainties in the geologic reservoir description and well 
completion efficiency on project performance. A primary focus in this work was on the placement and 
completion strategy for horizontal CO2 injection wells under various reservoir description cases. 
 
Simulation runs were also made to evaluate CO2 process performance under various alternative pattern 
configurations and project development scenarios. CO2 injection rate and wellhead injection pressure 
requirements were calculated and provided to the facilities design team for use in sizing and design of the 
CO2 distribution system and injection well facilities. Compositional simulation runs were made to 
provide initial estimates of produced gas rates under various development scenarios. CO2 purchase 
volumes and recycle volumes were forecast for several different CO2 injection and recycle strategies. 
 
Compositional simulation modeling also provided estimates of produced gas composition and potential 
NGL yield vs. time. Figure V.28 shows typical composition vs. time profiles computed for a five-spot 
pattern model. This analysis showed that 7-8% of the total incremental hydrocarbons produced by the 
CO2 flood process would be produced as natural gas liquids (NGL's) in the separator gas stream. This 
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volume was judged to be insufficient to warrant significant investment in gas processing facilities for the 
project. 
 
Based on full-field simulations to evaluate various combinations of horizontal and vertical CO2 WAG 
injection wells, it was determined that the most effective well configuration for the South Cowden 
project utilizes horizontal CO2 WAG injectors in downdip locations oriented approximately parallel to 
structural strike, in combination with vertical WAG injection wells in updip locations. Vertical 
permeability restrictions in the lower portion of the main reservoir interval limit the vertical distribution of 
injected CO2 into these lower intervals if only horizontal injection wells are used. In the downdip 
locations, much of the reservoir pore volume in the lower intervals lies below the original oil-water 
contact. 
 
Sensitivity studies were conducted to investigate the effects of CO2 WAG injection strategy on project 
performance. Incremental oil recovery vs. WAG ratio results from these simulations showed that WAG 
operations produced significant increases in oil recovery efficiency compared with continuous CO2 
injection. Maximum oil recovery was obtained at a WAG ratio of approximately 2:1, however the time 
required to inject a given total volume of CO2 was significantly longer at this higher WAG ratio. A 
variable WAG ratio injection scheme, using a 7-12% HCPV initial CO2 slug followed by increasing 
water/gas ratio as the flood matures, is premised in the preliminary project design. This provides an 
economic compromise of increased oil recovery efficiency vs. continuous CO2 injection, while 
accelerating incremental oil response and reducing overall project life vs. a straight 2:1 WAG process. 
 
Performance forecasts were generated for a Base Case project development plan. The AFE Base Case 
performance oil forecast is shown in Figures V.29. Incremental oil recovery forecasted for the Base 
Case project is 10.4% OOIP. The full-field simulator was also used to assess the effect of uncertainties 
in key input and operating parameters on production profiles and recoverable reserves for use in project 
risk analysis. The project team identified major elements of uncertainty having the largest impact on 
performance forecasts. These grouped into three major categories - reservoir 
characterization/heterogeneity/sweep efficiency; CO2 process efficiency/target oil volume; and well 
completion efficiency/injectivity (with the greatest focus on horizontal well completion effectiveness). 
 
 
 
 
3. Comparison of Actual With Projected Performance 
 
These comparisons will be discussed in the Topical Report at the end of Budget Phase II. 
 
Project Economics 
 
Incremental non-drilling capital costs (compressors, etc.) 
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Non-drilling incremental investments are shown in Table V.5. These costs are also given in columns 3, 
4, 5, 6, 7, 8, 9, and 10 of Table V.6. 
 
Fixed operating costs (lifting costs, etc.) 
 
These costs are given in columns 7 and 9 of Table V.7.  Column 7 gives the project area wellcost and 
column 9 gives the well cost outside the project area. 
 
Process dependent operating costs ($/well/month) 
 
1) Injectant purchase cost 
 
The price negotiations are confidential and the CO2  price will not be divulged in this report. 
 
2) Injection and recycling cost 
 
The injection cost is included in the recycle costs.  These costs are given in column 4 of Table V.7. 
 
3) Treatment and disposal costs 
 
Treatment costs are included in the recycle costs.  Disposal costs are included within the total lease 
expense (see column 10 in Table V.7). 
 
Drilling and completion costs ($/well) 
 
Costs for drilling, completion, reactivating and “re-equipping” existing injectors are shown in Table V.8.  
These costs are also given in column 2 of Table V.6. 
 
Reservoir Description costs (data gathering and processing, reservoir simulation study and 
other costs). 
 
The costs for Budget Period I work through March 1997 are given in Table V.9. 
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Figure V.1  Map of project area and proposed WAG injection wells 
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Oil Recovery vs. Grid Size - Waterflood
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Figure V.2. Sensitivity of WF Response to areal grid size and numerical dispersion 
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Figure V.3  Cumulative oil production vs time for the two models 
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 Saturation Profile Between Injector and Producer in 
Fivespot Pattern Models
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Figure V.4.  Saturation profile at end of waterflood 
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Figure V.5  Effect of areal model grid cell size on incremental oil recovery 
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 CO2 Flood Oil Recovery vs. Layer Thickness
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Figure V.6  Sensitivity of performance to layer thickness 
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Figure V.7  Sensitivity of performance to layer thickness 
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Figure V.8  Matches of experimental and EOS-predicted fluid pressure 
 

0 100 200 300 400 500 600 700
0

5 0

100

150

200

250

Pressure (psia)

(R
sd

b-
R

sd
)/

B
od

b,
 s

cf
/b

ub
bl

ep
oi

nt
-b

bl

Calculated

Measured

EMMONS WELL  #208 ,  SOUTH-COWDEN F IELD,  ECTOR COUNTY,  TX
R u n  # 3  /  E x p e r i m e n t  T y p e :   D L E  ( # 1 )

 Figure V.9  Matches of experimental and EOS-predicted fluid pressures 
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Figure V.10  Matches of experimental and EOS-predicted fluid pressure 
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Figure V.11  Matches of experimental and EOS-predicted fluid pressures.  
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Figure V.12  Matches of experimental and EOS-predicted fluid pressures. 
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Figure V.13  Matches of experimental and EOS-predicted fluid pressures. 
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Figure V.14  Matches of experimental and EOS-predicted fluid pressures. 
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Figure V.15  Matches of experimental and EOS-predicted fluid pressures. 
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Figure V.16  Matches of experimental and EOS-predicted fluid pressures. 
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 Figure V.17  Matches of experimental and EOS-predicted fluid pressures. 
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Figure V.18  Matches of experimental and EOS-predicted fluid pressures. 
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Figure V.19  Pressure vs Composition Diagram 
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Figure V.20  EOS predicted fluid data 
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Figure V.21  EOS predicted fluid data  
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Figure V.22  Slim tube oil recovery. 
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Figure V.23  Slim tube GOR behavior 
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Figure V.24  Recovery efficiency vs pressure for CO2 
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South Cowden Unit Predictive History Match
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Figure V.25  Final prediction of oil recovery vs time 
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Figure V.26  Final prediction of water injection rate vs time 
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Figure V.27  Historical watercut match. 
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Figure V.28  Comp vs time for 5 spot pattern 
 



 
127

SCU Predictive History Match Plus Forecast
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Figure V.29 Base case performance forecast 
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RECOMBINED RESERVOIR FLUID COMPOSITION 
 

 
TABLE V.1 
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SIXTEEN COMPONENT EQUATION OF STATE 
FLUID DESCRIPTION 

 
 

TABLE V.2 
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COMPARISON EXPERIMENTAL vs EQUATION OF STATE 
PREDICTION 

 
TABLE V.3 
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EIGHT COMPONENT EQUATION OF STATE 
FLUID CHARACTERIZATION 

 
 

TABLE V.4 
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SCHEDULE OF WORK 

(FACILITIES) 
 

TABLE V.5 
 
 
 
         EXPENDITURE, $M 
 
1995 
    Purchase land and build fence     $320 
 
1996 
    Construct injection facilities     $2,390 
    Start battery modifications 
    Prepare for compression 
    Replace water injection system 
    Install cathodic protection 
    Starat automation installation 
 
1997 
    Continue battery modifications    $250 
    Start flowline replacement 
    Continue automation installation 
 
1998 
    Finish battery modification     $450 
    Continue flowline replacement 
    Upgrade compression 
    Continue automation 
 
1999+ 
    Finish flowline replacement     $300 
    Finish automation installation 
 
       TOTAL  $3,710 
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INVESTMENT SUMMARY 
(UNESCALATED GROSS) 

  
TABLE V.6 

 
 

Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9 Col 10 Col 11 
Year Well CO2 Production Flowlines Compression Land Replace Cathodic Automation Total 

 Costs Facilities Facilities  Installation Acquisition W.I. Lines Protection  Investments 

           
1996 $4,222 $663 $203 $75 $555 $322 $395 $406 $87 $6,928 
1997 $512  $30 $142 $1   $0 $80 $764 
1998 $722  $180 $142 $50    $80 $1,173 
1999 $608   $142     $80 $829 
2000 $304   $0 $25     $329 
2001 $304         $304 
2002     $50     $50 
2003          $0 
2004          $0 
2005          $0 
2006          $0 
2007          $0 
2008          $0 
2009          $0 
2010          $0 
2011          $0 
2012          $0 
2013          $0 
2014     $25     $25 
2015          $0 
2016          $0 
2017          $0 
2018          $0 
2019          $0 
2020          $0 
2021          $0 
2022     $15     $15 
2023          $0 
2024          $0 
2025           $0 

           
Total $6,670 $663 $413 $502 $721 $322 $395 $406 $326 $10,418 
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INVESTMENT SUMMARY 
(UNESCALATED GROSS) 

  
TABLE V.7 

 
 

Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9 Col 10 Col 11 

Year Total 
CO2 

DOE 
Share 

Recycle DOE 
Share 

Project 
Area 

Project 
Area 

Other 
SCU 

Other 
SCU 

Total 
Lease 

Total 
Minus 

 Cost CO2 Costs Recycle Well 
Count 

Well 
Cost 

Well 
Count 

Well 
Cost 

Expens
e 

CO2 
Expens

e 
           

1996 * * 0 0 34 782 13 299 1081 1081 
1997   61 20 34 782 12 276 1058 1119 
1998   215 69 34 782 11 253 1035 1250 
1999   250 80 34 782 10 230 1012 1262 
2000   318  34 860 9 207 1067 1386 
2001   332  34 860 8 184 1044 1376 
2002   556  34 860 8 184 1044 1601 
2003   575  34 860 8 184 1044 1620 
2004   591  33 835 8 184 1019 1610 
2005   593  33 835 8 184 1019 1612 
2006   579  33 835 8 184 1019 1598 
2007   570  33 835 8 184 1019 1589 
2008   591  33 835 8 184 1019 1609 
2009   618  33 835 8 184 1019 1637 
2010   636  33 835 8 184 1019 1655 
2011   629  31 784 8 184 968 1597 
2012   618  31 784 8 184 968 1586 
2013   627  31 784 8 184 968 1595 
2014   688  31 784 8 184 968 1657 
2015   709  30 759 8 184 943 1652 
2016   660  29 734 8 184 918 1578 
2017   657  29 734 8 184 918 1575 
2018   675  28 708 8 184 892 1567 
2019   684  28 708 8 184 892 1576 
2020   701  27 683 8 184 867 1568 
2021   673  25 633 8 184 817 1490 
2022   417  25 633 8 184 817 1234 
2023   398  24 607 8 184 791 1189 
2024   397  23 582 8 184 766 1163 
2025   384  22 557 8 184 741 1125 

           
Total * * 15401   22887  5865 28752 44154 

           
 * - Confidential Information        
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SCHEDULE OF WORK 

(WELLS) 
 

TABLE V.8 
 
 
         EXPENDITURE, $M 
 
1995  
    Drill Well RC-3 (6-24)     $350 
 
1996 
    Drill Wells H-1 and H-2     $3,870 
    Drill vertical wag injector 206C (2-26W) 
    Drill two Leaseline vertical wag injectors 707 and M17C  
    Equip 615W as wag injector 
    Drill producing wells 798, 7-12, 6-22 and 799 
    Reactivate producers 705 and 620 
    Convert to water injection wells 2-21, 8-18, 8-03, 6-18  
  and 5-02 
 
1997 
    Reactivate 6-16W as Leaseline water injector   $510 
    Reactivate producers 6-19, 7-02, 7-08 and 8-13 
    Drill vertical wag injector 208C (2-27W) 
 
1998 
    Drill producing wells 203A and 699    $720 
    Reactivate producers 2-20 and 6-05 
 
1999+ 
    Drill four replacement producers (locations to be   $1,210 
  determined) 
    Convert to wag injection: RC3 and 224C  
 
       TOTAL  $6,660 
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BUDGET PHASE I RESERVOIR DESCRIPTION COSTS  
 
 

TABLE V.9 
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FIGURE VI 
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FIGURE VI 
 

SUPPORTING DATA 
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FIGURE 1 
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FIGURE 2
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FIGURE 5a 
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FIGURE 5b 



 241

FIGURE 5c 
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FIGURE 5d 
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FIGURE 6 
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SIMULATION MODEL PROPERTIES 
 
 
 
1) Historical production and injection data by well is provided in digital format as an Oil Field Manager 

database. 
 
2) Simulation model data is provided in digital form in an ASCII file “SCUMODEL.DAT”. This file 

contains model input data for:- 
 
 Grid dimensions and structural configuration: 
  Delta X 
  Delta Y 
  Delta Z 
  Subsea depth 
  
 Grid cell properties: 
  Porosity 
  Permeability 
  Initial Water Saturation 
 
 PVT properties 
 
 Relative Permeability Data by Rock Type 
 
 Initial Reservoir Pressure Distribution 
 
 Volumetric Calculations of Fluid - in –Place 
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SLIM TUBE DISPLACEMENTS TO MEASURE MINIMUM MISCIBILITY PRESSURE 
AT THE SOUTH COWDEN UNIT 

 
Evaluate Effects of Changing Recycle Gas Composition on MMP 
 
Laboratory slim tube displacement data were obtained for pipeline-quality CO2  at 1400 psia and 1600 
psia. The experimental apparatus, methods, and results for these laboratory displacements are included 
with the supporting data in this report. Compositional simulations were run to match the laboratory slim 
tube displacements and verify the equation-of-state (EOS) fluid characterizations. The simulation 
predictions matched laboratory slim tube displacements very closely using both 16-component and 8-
component EOS fluid characterizations. The simulation work indicated that minimum miscibility pressure 
(MMP)  for the South Cowden crude is approximately 1200 psia. Current reservoir pressure at South 
Cowden is approximately 2200 psi - substantially above the minimum required for effective multi-
contact miscible displacement by pipeline-quality CO2. 
 
Compositional simulation model predictions of CO2 project performance include forecasts of changes in 
the volume and composition of produced gas vs. time. The project development plan calls for the 
produced gas to be mixed with pipeline CO2 and reinjected. This will result in a changing injection gas 
composition over the project life and could raise the MMP required to achieve adequate oil recovery 
efficiency. Additional laboratory slim tube displacements, were considered necessary to evaluate the 
impact of changes in injection gas composition on MMP during the CO2 flood project. 
 
The forecast of average injection gas composition vs. time for the Base Case development plan is 
presented in Table II.1.3.1. The changes in injection gas composition over the life of the project are not 
large because the South Cowden crude has a relatively small solution gas content.  The impact of these 
small composition changes on MMP was initially evaluated by simulating additional slim tube 
displacements with the compositional model using the varying injection gas compositions. This work 
showed that recycling produced gas resulted in negligible changes in oil recovery efficiency and MMP 
(Figure II.1.3.1) compared with that obtained using pipeline-quality CO2. Because the average flooding 
pressure during the project life was so far above the predicted MMP, it was judged unnecessary to 
conduct further laboratory slim tube displacements. 
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SPECIAL CORE FLOOD TESTS 
 

MAGNETIC RESONANCE IMAGING OF SOUTH COWDEN CORE PLUGS 
 

R.L. King and B.A. Baldwin 
Phillips Petroleum Co. 

Bartlesville, OK 
 
Summary 
 
Magnetic Resonance Images were made of 123 core plugs from three locations in the South Cowden 
reservoir.  These images assisted in the selection of the most representative plugs for use in further core 
analysis.  Dramatic variations in porosity occurred within fractions of a millimeter in some of the plugs. 
Without the imaging it would have been easy to select plugs which would have given misleading 
information for reservoir simulation. 
 
This report summarizes the experimental procedures for obtaining MRI images and gives examples of 
the information obtained. 
 
Introduction 
 
Magnetic Resonance Imaging, MRI, produces images, or pictures, of oil and water inside porous rocks.  
Sometimes the information generated is sufficient to solve specific concerns, other times it is combined 
with other geophysical measurements to solve problems. 
 
MRI technology was leveraged from medical science, where it was developed to examine the internal 
organs and tissue of humans, without surgery .  We have slightly modified the hardware and data 
acquisition parameters to similarly image oil and water inside cores.  MRI uses the resonance absorption 
and emission of energy from the interaction between the magnetic spin of a nucleus with an unpaired 
electron, hydrogen in our case, and Radio Frequency pulses to determine number of nuclei in a sample 
and their interaction with the pore surface.  MRI is complimentary to X-ray CAT Scanning.  MRI 
measures only the fluid inside the pores.  CAT measures the density of the sample, and by subtraction 
can determine doped fluids in the pores.  
 
In the past, reservoir engineers and petroleum researchers were forced to assume that core samples 
were of uniform porosity and permeability because they did not have non-destructive methods which 
examined the interior of cores.  MRI images show the spatial distribution of fluids inside porous rocks 
which allows the determination of porosity distribution and heterogeneity (1,2). Because MRI is both 
non-invasive and non-destructive it does not interfere with flow processes and leaves the core available 
for additional tests.  Converting from animal tissue to rocks required only minor modifications in 
hardware and software. By collecting the images as a function of time and displaying them sequentially 
animated movies are made of fluid movement. A spatial distribution of pore sizes can be determined by 
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a T1 mapping technique. Sometimes the core is treated in another laboratory and measured at selected 
times.  Other times the process is allowed to take place inside the MRI and the process monitored 
continuously.  The output can be an image of fluid or porosity distribution, a chart depicting changes, an 
average number or an animated movie of fluid movement with time. 
 
For the present study the MRI was used to determine the individual porosity distributions of several 
groups of South Cowden plugs.  This screening helped in the selection of the most homogeneous plugs 
for additional testing.  Heterogeneities greatly increase the complexity of fluid flow and it’s interpretation.  
In this report we will show representative images, describe how they were taken and discuss what they 
indicate. 
 
Experimental 
 
Images were made with a Sisco 85/310 CSI which operates at 85.55 Mhz for hydrogen nuclei.  The 2 
Telsa (20,000 Gauss) magnet, Fig. 1, has a 31 cm bore with 22 cm free diameter inside the standard 
gradient coil set.  However, for this study the high performance gradient coil set, with a 13 cm bore, 
was used.  This HPAG has a gradient strength of 10 Gauss/cm which provides better resolution and 
greater signal to noise compared to the standard gradient set with 3 gauss/cm.  The core plugs were 
centered in a 9 cm I.D. saddle coil which acted as both RF transmitter and receiver, right center in Fig. 
2.  The core was contained in a sealed glass container, left center in Fig. 2, to minimize evaporation 
during the measurement.  During imaging the core plug and container were inserted into the saddle coil 
and both were placed into the center of the magnet.  The electronics, Fig. 3, consist of a magnetic 
gradient power supply, far right, the electric distribution center and RF transmitters, center right, the 
acquisition computer and pulse shapers, center left and the I/O computer in the foreground. 
 
Listed in Table 1 are the typical parameters used to screen these cores.  On some occasions the cores 
were too long to image at one time.  These cores were moved inside the MRI coil and images collected 
separately for the top and bottom. 
 
 
 
 

Table 1 
 

Typical MRI Parameters used to Image South Cowden Core Plugs 
 
Frequency 85.55 Mhz Acquisition Time  2.7 ms  
Number of points 512 Signal width 94.246 kHz 

90 deg. Pulse 500 us  180 deg. Pulse 500 us  

Recovery Time  0.5 sec Echo Time  4.0 ms  
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90 deg. Power 102 180 deg. Power 114 

Averages 4 Pulse Shape  Gauss 

Read Out Grad. 400 Phase Encode Grad. -8 

Slice Select. Grad. 300 Bandwidth Sw1  1028 Hz 

# Phase encode step 128 # Pixels Read Out 512 

# Pixels Phase Enc 512 # slices 5 

Vertical Size  11 cm Horizontal Size  6 cm 

Orientation  Zxy Douple Precision Yes 

Pilot Yes Inversion Recovery no 

    

 
With these parameters the pixel size in these images is 0.43 mm x 0.43 mm.  Slice thickness is about 4 
mm. 
 
Two imaging orientations were used, one along the length of the core (coronal) and the other across the 
core (transverse).   Fig. 4 shows the appearance of each image for the two orientations. Using two 
orientations improves the chance of detecting heterogeneities because they are often more visible in one 
orientation than another.  Multiple slices, each approximately 4 mm thick, provide 3-D information 
about the location of the heterogeneities inside each plug.  Most of these cores were very easy to image 
and gave sharp pictures. The few plugs which were difficult to image produced a very grainy 
appearance.  This latter is due to a weaker signal producing a lower signal to noise ratio. 
 
Three sets of South Cowden core were imaged. The first set of 17 plugs were obtained from  Emmons 
Field and imaged as received, in a preserved state.  These plugs were imaged primarily to demonstrate 
what could be learned from MRI characterization and to optimize the MRI parameters for imaging 
South Cowden core.  The second set of 54 plugs, from Well #6-23, Ector Co., were imaged as 
received in a preserved state from being stored under produced oil.  A few of the third set, Well # 8-19 
South Cowden Unit, were imaged as received, in an unpreserved state.  These tended to produce weak 
images due to the loss of fluids, primarily water.  The remainder of this third set, 52 plugs, were imaged 
after being saturated with water which produced strong signals. 
 
For a few plugs in the third set, particularly one after CO2 flooding, T1 relaxation maps were made.  
These maps show relative pore size distribution and are useful to differentiate between the effects on 
image intensity due to pore sizes and the absolute saturation of fluid at a specific location.  The T1 
relaxation maps are made by collecting several images, typically 9 to 12, at different inversion recovery 
times then fitting each pixel to an exponential equation.  The inverse of the relaxation rate is the T1 
relaxation time.  The intensity of each pixel in these T1 relaxation maps is proportional to the relaxation 
time in that pixel, the brighter the intensity the longer the relaxation time.  For a given surface interaction, 
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wettability, the relaxation time is controlled by diffusion to a pore wall.  Thus a longer relaxation time 
indicates larger pores and a shorter relaxation times indicates smaller pores.  When the intensity of each 
pixel is extrapolated to zero inversion recovery time the rate contribution is eliminated and an absolute 
hydrogen nuclei density, or porosity, map is produced. 
 
Results and Discussion 
 
Figs. 5-7 show examples of the three major lithologies represented in these South Cowden core plugs.  
The first, Fig. 5, shows a homogenous distribution of porosity in a zone identified as chaotic.  There is a 
slight indication of bedding planes in the transverse image, but it is not very significant.  Fig. 6 shows a 
plug from the chaotic zone where significant differences in porosity are observed in fractions of a mm.  
These changes appear to be randomly, but not uniformly distributed.  Fig. 7 shows moldic rock.  The 
bright streaks are the voids left behind when the shells of the deposited forams dissolved.   The matrix 
also contains fluid, the background intensity, but this is largely swamped by the intensity from the vugs.  
These images help identify the lithology of the core plugs without requiring cutting or slabbing of the 
core.  It is extremely important to help to select those zones are more homogeneous, or at least where 
the heterogeneities are uniformly distributed.  The information collected from such plugs is easier to 
interpret than plugs where the porosity is grossly heterogeneous. 
 
An example of a difficult to interpret core plug is shown in Fig. 8.  From routine core analysis this plug 
an average porosity of 20.6% was determined.  However, analysis of  the image showed the porosity to 
range from about 8% near the top to 45% near the bottom.  This particular plug was part of a set being 
imaged to determine which would be best for CO2 flooding experiments.  In a flow experiment the flow 
rate would be determined by the tightest portion, typically in the 8% porosity section.  Thus on a flow 
basis this plug would act like an 8% porosity plug, but the results would be plotted as, or attributed to, a 
porosity of 20.6%.  Such a discrepancy would skew or bias further interpretation and prediction of 
flood parameters. 
 
The last image, Fig. 9, shows a South Cowden plug after several CO2 flooding experiments.  The 
concave shape at the top of the images shows where core had been completely dissolved away.  The 
bright spot just below the surface indicates the presence of additional fluid .  The bright spot in the T1 
relaxation map shows that this additional porosity was obtained by enlargement of the individual pores 
near the initial contact of the flood brine and the core.  The darker region in the middle of the porosity 
map suggests, but does not prove, that part of the dissolved material may have been redeposited as it 
moved through the core.  The slight darkening in the same area of the T1 map corroborates this 
suggestion.  However, for proof it would be necessary to follow these changes at several times during 
the flood. 
 
Conclusions  
 
From these imaging studies of South Cowden core it can be concluded that: 
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1.  South Cowden core is often heterogeneous  
 
2.  To obtain easily interpreted results, each core plug should be examined for porosity 
 heterogeneities and anomalies 
 
3.  Magnetic Resonance Imaging is an effective method for determining porosity distribution 
 in South Cowden carbonate cores. 
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Figure 1.  MRI 2 Tesla superconducting magnet.  Sample/coil bore in the center of the magnet  
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Figure 2.  Core plug container and RF coil 
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Figure 3.  MRI electronics cabinets - magnetic Gradient Power Supply, far right;  electrical distribution 
and RF amplifiers, center right;  data acquisition computer and pulse sphapers, center left;  I/O 
computer in foreground. 
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Figure 4.  Two slice orientations used to collect images, upper along the plug’s major axis and lower 
across the plug’s major axis. 
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Figure 5.  Example of homogeneous porosity distribution in a chaotic zone. 
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Figure 6.  Example of inhomogeneous porosity distribution in a chaotic zone. 
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Figure 7.  Example of moldic porosity, a mixture of vugs and matrix porosity. 
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Figure 8.  Example of a plug with porosity change along the major axis. 
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Figure 9.  T1 relaxation time and porosity maps of a plug after CO2 flooding. 
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SPECIAL LABORATORY STUDIES 

 
 

SOUTH COWDEN CO2 MISCIBLE WAG TRAPPED GAS & RESIDUAL OIL 
EXPERIMENTS 

 
 
OBJECTIVE 
 
The objective of this task was to determine, for the South Cowden Reservoir, representative CO2 
trapped gas saturations and residual oil saturations after CO2 flooding under miscible displacement 
conditions. 
 
INTRODUCTION 
 
CO2 relative permeability, trapped gas saturation, Sorm, and hysteresis effects are key parameters in 
determining injectivity and displacement in a miscible CO2 WAG injection project.  In an effort to 
measure these parameters to provide data for use in making predictions of WAG performance in the 
South Cowden Reservoir, a series of six coreflood experiments were conducted.  South Cowden live 
oil, synthetic live brines, along with Magnetic Resonance Imaging (MRI) screened native state carbonate 
cores from the subject reservoir were used in conducting the corefloods, which were performed at 
South Cowden reservoir conditions of 98 F and 1800 psig.  In this report, a review is presented of the 
four coreflood experiments considered most representative and/or informative (Corefloods 1, 2, 3, and 
6). 
 
EXPERIMENTAL 
 
Materials: The study was conducted in two segments.  Corefloods 1, 2, and 3 were conducted during 
the first segment with Coreflood 6 being conducted in the second segment.  Segments one and two 
were primarily differentiated by the source of materials used.  The cores, oil, and brine recipe used in 
segment one were obtained from the Emmons Unit of the South Cowden Reservoir; whereas, the same 
materials for segment two were obtained from the South Cowden Unit (SCU) of the South Cowden 
Reservoir. 
 
Materials for Corefloods 1, 2, and 3: The live oil used for Corefloods 1, 2, and 3 was prepared from 
filtered (0.45 microns) Emmons Unit stock tank oil.  The filtered oil was enriched with C5's and C6's 
and recombined with a C4- gas to a bubble point of 621 psia at 98 F (this closely approximated bubble 
points of Emmons Unit live oils studied by Petroleum Testing Service and D.B. Robinson Ltd.). 
 
The cores used in conducting these first three corefloods were selected from sixty-six “native state” core 
plugs from the Emmons Unit.  These 1.5 inch diameter by 2.5 - 3.0 inch long core plugs were obtained 
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from Emmons Unit Wells Nos. 146, 135, and 213.  The uncleaned core plugs were received in 
individual glass jars which, in addition to the cores, had been filled with sand and crude oil. 
 
Preliminary screening of the plugs was based upon the routine core analysis data of nearby plugs and 
supplemental geological descriptions about the plugs.  The twenty-two cores which passed the pre-
screening phase were subjected to subsequent screening by Magnetic Resonance Imagery (MRI) 
and/or STO permeability tests at 98 F.  Six of these plugs were eventually selected and used in making 
the composite cores (two core plugs) used in conducting Corefloods 1, 2, and 3.  
 
The composite cores were made up of two core plugs from the same facies with approximately equal oil 
permeabilities.  A listing of the six plugs used in Corefloods 1, 2, and 3 in provided in Table I.  Example 
MRI images of South Cowden core plugs can be found in the Magnetic Resonance Imaging section of 
this report.  Somewhat more emphasis was placed upon the cores from the chaotic facies than that 
those from the moldic facies.  One reason for this was that few cores with adequately high permeabilities 
were identified from the moldic facies.  Another factor was the tendency of the moldic cores to plug-off 
during testing. 
 
The composition of the synthetic brine was patterned after a water analysis of the Emmons Unit brine 
dated March, 1992.  The total dissolved solids content of the brine used in the experiments was 
approximately 78,000 ppm.  The synthetic brine used during the initial water injection step was 
saturated with methane at 98 F and 1800 psig so that no significant gas would be taken from that which 
was soluble in the live oil.  The synthetic brine used during the second water injection step was saturated 
with CO2 at 98 F and 1800 psig so that no significant CO2 would be taken from that which was 
otherwise trapped in the core. 
 
Materials for Coreflood 6: The live oil used for Coreflood 6 was prepared from filtered (0.45 micron) 
SCU stock tank oil.  The filtered oil was enriched with C5's and C6's and recombined with a C4- gas 
to a bubble point of approximately 625 psia at 98 F.  The STO was compositionally similar to the 
Emmons Unit oil used in Corefloods 1-5. 
 
“Native state” core plugs were received from SCU Well 6-23.  The plugs were shipped in groups in 
one gallon cans containing Isopar (a light refined oil).  Fifteen core plugs were selected from a group of 
seventy-six which were subjected to MRI.  These plugs were further screened by measuring their 
permeability to brine.  Based upon both MRI and permeability screening, two plugs were selected for 
subsequent use in a CO2 miscible WAG trapped gas experiment.  The selected cores were used as set 
in forming a composite core. 
 
The composition of the synthetic brine was patterned after an analysis of SCU formation water dated 
February, 1995.  The total dissolved solids content of the brine was approximately 72,000 ppm.  As 
described above, the synthetic brine was saturated at test conditions with methane used during the initial 
water injection step and CO2 during the second water injection step.   
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Apparatus : Schematics of the apparatus used in this experimental program are provided in Figures 1a 
and 1b.  In Figure 1a, the oven containing the core holder along with some of the more important 
external pieces of equipment are shown.  One of the more notable of the external pieces of equipment is 
the Boyle’s Law apparatus which was used in determining the trapped gas saturation.  Due to the 
minimal success achieved in attempting to measure relative permeabilities during earlier corefloods, the 
rel-perm visual cell was removed prior to conduting Coreflood 6. 
 
The oven in Figure 1b was largely devoted to containment of the pressurized supply fluids which 
included brine, stock tank oil, live oil, and CO2.  One vessel permitted CO2 to be bubbled into live oil 
and thus allowed a gradient live oil/CO2 front to be passed through the core to simulate a miscible front.  
The brine vessel could be rocked which assisted in equilibration of the brine/CH4 and brine/CO2 
solutions. 
 
Procedures: The initial plan for all the coreflood experiments was to follow a WAG injection process in 
which restored composite cores would be sequentially subjected to an initial water injection step, a CO2 
injection step, and a secondary water injection step.  This procedure worked reasonably well with cores 
taken from the chaotic facies but not with cores taken from the moldic facies.  The moldic cores 
generally exhibited low permeabilities and the tendency to plug during water injection.  Coreflood 3, in 
which a moldic composite core was used, was prematurely terminated during the initial water injection 
step due to plugging of the composite core. 
 
Core Restoration: As mentioned above, the cores used in Corefloods 1, 2, and 3 had been oil flooded 
as part of the selection process; whereas, the cores used in Coreflood 6 had been brine flooded.  In 
either case, restoration was initiated by first flooding the core with filtered STO.  This was followed by 
live oil floods to displace the dead oil.  The live oil floods were conducted on consecutive days.  After 
displacing the STO, the composite core was shut-in overnight and allowed to equilibrate with the brine 
in the core.  Additional live oil was injected on the following day to better insure that the GOR of the live 
oil was similar to that in the live oil supply vessel.  This second live oil flood essentially completed the 
restoration process. 
 
During the latter stages of the second live oil flood, data was obtained from which Ko at Swi could be 
calculated.  This permeability measurement served as the reference permeability in the subsequent 
relative permeability calculations (Krw at Sorw, Krco2 at Sorm, and Krw at Sgtrap). 
Initial Waterfloods: For reasons mentioned above, methane saturated brine, at 98 F and 1800 psig, was 
injected during the initial water injection step.  A high water-oil ratio was the primary criteria used in 
deciding when to terminate the initial waterflood. 
 
Attempts were made during the initial waterfloods of Corefloods 1, 2, and 3 to obtain unsteady-state 
water/oil relative permeability data.  A Beckman HPLC pump was used to inject the water during the 
initial waterfloods of these corefloods to fulfill the requirement of maintaining the pressures at the 
injection and production ends of the composite cores relatively constant.  Due to the above mentioned 
plugging, the relative permeability data collected for Coreflood 3 was obviously of no value.  Since the 
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fluids produced during the initial water injections of Corefloods 1 and 2 tended to go from oil to a high 
water cut, with very short transition periods during which there were significant fractional flows of both 
oil and water, the relative permeability data for these corefloods were also determined to be of little if 
any value.  No attempt was made to collect unsteady-state relative permeability data during the initial 
waterflood of Coreflood 6.  With constant upstream pressure no longer being a requirement, a Ruska 
positive displacement pump was used during the initial waterflood of Coreflood 6.  In addition, the 
Ruska sight glass, used to measure oil production during the initial waterfloods of Corefloods 1, 2, and 
3 was removed prior to conducting Coreflood 6. 
 
CO2 Floods: The CO2 flood step was somewhat more involved than simply injecting dry CO2 after the 
initial brine flood.  To initiate the CO2 flood step, the lines were first flushed up to the core inlet (at the 
top of the core) with live reservoir fluid.  CO2 was then injected into the bottom of a mixing accumulator 
(containing live oil) at a rate of 10 cc/hr.  The CO2 mixed with and dissolved in the live oil, swelling it.  
Effluent from the accumulator, after passing through a filter, was the injectant for the core flood.  Initially 
the core would see reservoir fluid.  The displacing phase “gradiated” to CO2 as the CO2 content of the 
mixing cylinder increased.  In this manner the CO2 coreflood was stabilized.  This process created a 
CO2/oil viscosity-gradiated zone that presumably played some role in reducing viscous fingering. 
 
Second Waterflood: CO2 saturated brine was injected during the post-CO2 waterflood.  The total 
water volume input during this step of the WAG injection process was not to exceed 1.2 pore volumes. 
 
Post WAG Analyses: The post WAG analyses was comprised of several steps.  The primary focus of 
these steps was to determine the trapped gas saturation in the composite core which existed after the 
second brine flood. 
 
Subsequent to the second brine flood, the core was shut-in and allowed to cool to room temperature 
while maintaining a constant confining pressure.  The core was then de-pressurized through a multi-stage 
separator.  Produced liquid weights (later converted to volumes) were recorded.  The void volume 
created in the core during the de-pressurization process was then measured via using a Boyle’s Law of 
Expansion process.  These produced liquid volumes and the measured void volume were the primary 
input from which the trapped gas volume was determined. 
 
After the de-pressurization (or blow down) of a composite core, a two step cleaning method, vacuum 
distillation followed by solvent injection, was implemented with the composite core still mounted in the 
core holder with a confining pressure still applied.  The vacuum distillation step was conducted at 
approximately 180 F.  The primary purpose of this step was to remove the water from the core(s).  
Effluent from the vacuum distillation, primarily water, was captured in a cold trap and gravimetrically 
measured.  Any residual oil produced during this step was volumetrically estimated.  An adjustment was 
made to convert water volume produced to brine volume.  At the end of the vacuum distillation step, the 
core was again allowed to cool to room temperature and the void volume was again measured via 
Boyle’s Law of Expansion.  At this point in the cleaning process, the salt that had been in the brine and 
residual oil was still remaining in the pore structure of the cores.  This “in-situ” cleaning was conducted 
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such that the remaining fluid volumes and the total pore volume of a composite core could be 
determined while the cores were in-place and relatively undisturbed.  After completing of the solvent 
cleaning step, the core(s) were removed and subjected to Dean Stark Cleaning/Analysis. 
 
After the vacuum distillation step, solvent cleaning of the composite cores with toluene and methanol 
was conducted at 150 F to remove most of the salt and residual oil which remained in the pores after 
the preceding vacuum distillation step.  These solvents were sequentially pumped through the composite 
cores until the effluent was colorless.  The core was then vacuum dried to remove the solvents.  After 
drying, the composite cores were allowed to cool and the total pore volumes were measured via 
Boyle’s Law of Expansion.  A Dean Stark cleaning/analysis was subsequently conducted after the cores 
were removed from the trapped gas experimental apparatus. 
 
After completing the Dean Stark cleaning and analysis steps, grain, bulk, and pore volumes along with 
grain density and N2 permeabilities were subsequently measured via routine core analysis procedures. 
 
Calculation of CO2 Trapped Gas Saturation: The CO2 trapped gas saturations were determined using 
data obtained from conducting certain of the above procedures.  (The trapped gas should be envisioned 
to be a gas which is rich in CO2 and not pure CO2.)  In verbal form, the equation to calculate the 
trapped gas volume can be simplistically written as follows: 
 
Volume of CO2-Rich Phase Trapped at 98 F and 1800 psig = 
 
 Void Volume from Boyle’s Law Measurement at Lab Conditions - 
 
 Volume of Water Expelled during Blow Down Adjusted for Shrinkage - 
 
 Shrinkage of Water Left in Core after Blow Down - 
 
 Shrinkage of Residual Oil Volume Left after Blow Down. 
 
In symbolic form, the equation can be expressed as: 
 
 VCO2 = VBL - (VWBD * FVFW) - (VWR * FVFW - VWR) - (VOR * FVFO - VOR).    (1) 
 
RESULTS AND DISCUSSION 
 
A summary of the results of the South Cowden CO2 Miscible WAG Trapped Gas Experiments is 
provided in Table II.  In addition to the trapped gas data, key data of interest include Krw @ Sorw, 
Krco2 @ Sorm, Sorm, and Krw @ Sgtrap. 
 
The Krw @ Sorw values might more accurately be described as Krw at an oil saturation which is 
approaching Sorw.  The initial waterfloods were terminated when the oil production had lined out at a 



 558

low level that was approaching the detection limits.  (The actual endpoint of each coreflood may have 
taken multiple pore volumes of water injection to achieve which would not have been compatible with 
the WAG injection scheme.)  As mentioned above, the initial water injection of Coreflood 3 was 
terminated early due to plugging.  The initial water injections of Corefloods 1, 2, and 6 were 
respectively terminated after 1.04, 1.44 and 0.79 pore volumes of methane-saturated brine injection.  
Confirmation that the Kw’s were reasonably stabilized near the end of the initial water injections of 
Corefloods 1, 2, and 6 is apparent from the associated injectivity (cc/hr/psi) versus pore volumes 
throughput data presented in Figures 2, 3, and 5.  This injectivity data represents the ease with which 
each fluid could be injected into the associated composite core at the prevailing conditions. 
 
The Sorm values of 16.92 and 14.14% PV for Corefloods 1 and 2 are reported on a dead oil basis.  
Conversion to a live oil basis would add approximately 1.5 - 2.0% PV to each of these values.  These 
Sorm’s are both considered to fall within a reasonable range.  The Sorm for Coreflood 6 is reported as 
4.26% PV on a dead oil basis which is considered questionably low.  Different ways of assessing the 
Coreflood 6 Sorm data are still being considered. 
 
The Krw @ Sorw, Krco2 @ Sorm, and Krw @ Sgtrap data for Corefloods 1, 2, and 6 all exhibit 
similar trends and demonstrate the hysteresis behavior associated with a CO2 miscible WAG injection 
process.  In each case, the trapped gas is shown to reduce the water injectivity.  This is apparent from 
both the relative permeability data of Table II and the injectivity data of the sequential floods shown in 
Figures 2, 3, and 5.  The injectivity behavior for Coreflood 3, which was terminated early due to 
plugging, is shown in Figure 4. 
 
High, low, and average estimates (where the average is simply the average of the high and low 
determinations) of the trapped gas saturations are also provided in Table II.  The following error 
analysis data were applied to equation (1) in determining the high and low estimates of the trapped gas 
saturation. 
 
 Boyle’s Low Volume after Blow Down (cc)   ± 0.1 
 
 Calculated Volume Water Collected (cc)   ± 0.25 
 
 Brine FVF w/CO2 at 98 F and 1800 psig   ± 0.0065 
 
 Total Water Collected during Vacuum Dist. (cc)  ± 0.5 
 
 Estimated Sorm (cc)      ± 0.026 
 
 Residual Oil FVF w/CO2 prior to Blow Down (rb/stb) ± 0.05 
 
 Total Pore Volume of Individual Core Plugs (%)  ± 1.0 
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CONCLUSIONS 
 
1) Cores from the South Cowden Reservoir “moldic” facies tended to plug when subjected 
 to brine injection.  Thus, this facies may not be amendable to water injection. 
 
2) Significant gas is “trapped” in the pores of cores from the South Cowden Reservoir 
 “chaotic” facies when gas is injected as part of a CO2 miscible WAG injection process. 
 
3) Trapped gas saturations in the range of 17-25% pore volumes are considered  representative 
of what will occur when chaotic facies cores from the South Cowden  Reservoir are subjected to a 
CO2 miscible WAG injection process. 
 
4) Trapped gas results in a significant reduction in water injectivity. 
 
5) Sorm values of in the range of 15-20% pore volumes are considered representative of  what 
will occur when chaotic facies cores from the South Cowden Reservoir are  subjected to a CO2 
miscible WAG injection process. 
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SPECIAL LABORATORY STUDIES 
 
 
CONDUCT LABORATORY COREFLOODS TO IDENTIFY POTENTIAL FOAMING 
SURFACTANTS FOR CO2 MOBILITY CONTROL 
 
 
OBJECTIVE 
 
The primary objective of this subtask was aimed at identifying specific foaming surfactants through a five 
part laboratory program for possible use in CO2 mobility control in the South Cowden project CO2 
foam systems developed under this subtask will be considered for use in the planned horizontal injection 
wells to improve injection conformance as/if needed. This report summarizes the results and details 
procedures of laboratory work completed through the Phase I time period.  
 
Surfactant Adsorption in South Cowden Unit Field Cores: We began this subtask with the 
determination of surfactant adsorption in South Cowden Unit Field cores. Figure 1 shows a schematic 
diagram of the adsorption test setup. A Waters Model 410 refractomer set at a sensitivity level of 32, 
was used to monitor the surfactant concentration in the core effluents. About one liter of synthetic Free 
Water Knock Out (FWKO) brine (TDS=7.84%) was circulated through the core while monitoring the 
effluents on the refractomer. This was done to obtain an equilibrated brine to avoid changes in refractive 
index due to dissolution of core material during surfactant adsorption testing. An overnight circulation at 
60 cc/hr was sufficient to achieve equilibration of the brine. A portion of this brine was used to prepare 
the surfactant solutions used in adsorption tests. The “Calibration Sample Loop” shown in Figure 1 was 
filled with about a 9 ml aliquot of the surfactant solution at a given concentration. This solution was then 
pushed through the sample side of the refractometer while recording its response. This process was 
repeated for at least four surfactant concentrations. A linear plot of the refractometer’s response vs. 
known surfactant concentration was used to calculate the surfactant concentration in core effluents 
during the adsorption tests for that surfactant. This calibration procedure was repeated for each 
surfactant studied. 
 
Seven adsorption experiments in cleaned South Cowden Unit field cores  were performed. Cores were 
selected for use after evaluation by MRI to avoid severe fractures, obstructions, etc. before they were 
epoxy coated and equipped with end plates. Each core was then placed in a core holder and 
pressurized to a confining pressure of 2000 psi. An aliquot of the equilibrated brine was used to prepare 
a 0.5 wt % surfactant solution. About 0.3 to 1.2 PV of 0.5% surfactant solution was injected into the 
core at a flow rate of  9 cc/hr (~6-12 ft/day) using the “Injection Sample Loop” shown in Figure 1. The 
core was then flushed with several pore volumes (PV) of equilibrated brine while monitoring the effluent 
concentration on the refractometer. Figure 2 shows a plot of surfactant concentration in the core 
effluents for Chaser™ CD-1045 in a clean South Cowden Unit field core at 98o F. Each tick mark on 
the x axis represents one pore volume of effluent. In this particular coreflood experiment we injected 
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60.0 mg of surfactant into the core, recovering 18.4 mg of surfactant in 5 PV of the effluents which 
translates to a surfactant adsorption of 2127 lbs/acre-ft. While refractive index data indicate a slow 
surfactant desorption even after 10 PV of core effluents, we chose to calculate surfactant adsorption at 
5 and 10 PV of  effluents. A value of 1593 lbs/acre-ft was calculated for 10 PV of the effluents. These 
kind of high surfactant adsorption represent the surfactant adsorption values for the flow near the 
injection well. The results can be used in models to estimate volume of surfactant necessary for a given 
depth of penetration. 
 
Figure 3 shows a plot of adsorption versus rock porosity for Chaser™ CD-1045, Chaser™ CD-1050, 
Rhodapex CD-128 and Foamer NES-25 calculated from seven tests performed in South Cowden 
cores. While the data points at 15.1% porosity (Foamer NES-25) might be anomalies, the adsorption 
data for the 5- and 10-PV effluents appear to have a maximum around 20% porosity. It is evident from 
this Figure that the adsorption values measured at 10-PV core effluents are smaller than those measured 
at 5-PV, indicating the surfactant can be moved deeper into the reservoir with following brine injection. 
Figure 3 also indicates that surfactant adsorption has a higher dependency on core porosity (surface 
area) than surfactant type.  
 
 
Evaluation of Resistance Effect for Foaming Surfactants in SCU Field Cores: A coreflooding 
apparatus was set up to evaluate the resistance generating performance of various CO2 - foaming 
surfactants for application in the South Cowden Unit. Figure 4 shows a schematic diagram for this core 
flooding setup. A South Cowden Unit core fitted with three pressure taps and epoxy coated was placed 
in a vessel and pressurized to about 2100 psi with water. Transducers were used to monitor the flowing 
pressure in the four sections of the core. A capillary tube was used to monitor the viscosity of the fluids 
leaving the core. After measuring the permeability of the four sections of the core (18 to 170 md) to 
brine, various mixtures of a 500 ppm Chaser™  CD-1045 surfactant solution and CO2 (2000 psi) were 
injected in the core at 98o F. A data acquisition system was used to monitor the performance of the 
produced foam in the core. 
 
We then performed two foam tests with 1000 ppm Chaser™ CD-1045 at 50-100% foam quality using 
the same core. However, due to the dissolution of core material, the front end of this core collapsed at 
completion of the third CO2-foam experiment. We repeated the same experiments in a different core 
using 20-100% foam quality. However, the second core also collapsed at the face due to dissolution of 
core material and weakening of the core inlet. To avoid this problem, we placed a short South Cowden 
field core designated as the “Pre-Foamer” core ahead of our “Test Core”. This modification improved 
the longevity of the test core allowing us to evaluate the performance of four surfactants at three 
concentrations with foams of 20-100% quality. Figures 5- 8 show the average Resistance Factor (RF) 
for the four sections of the core as a function of foam quality for the four surfactants tested.  
 
Figure 5 shows that the foams produced with 500 ppm Rhodapex CD-128 and CO2 has a maximum 
RF around 50% foam quality. This maximum is shifted to about 70% foam quality for solutions of 1000 
ppm and 2000 ppm Rhodapex CD-128. A similar behavior was observed for Foamer NES-25 (Figure 
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6), Chaser ™ CD-1050 (Figure 7) and Chaser™ CD-1045 (Figure 8). Results summarized in Figures 
5-8 also indicate that Rhodapex CD-128 and Chaser™ CD-1050 produced the best foams followed 
by Chaser™ CD-1045 and Foamer NES-25. 
 
Figure 9 shows the effect of foam quality on RF for the four sections of the core when mixtures of 500 
ppm Rhodapex CD-128 and CO2 were co-injected into the core. The permeability for sections 1, 2, 3 
and 4 of this core were 486 md, 216 md, 46 md and 41 md, respectively. It is evident from this plot 
that RF increases with permeability of that section. A similar behavior was observed for all four 
surfactants tested in this core. This effect which might occur at a given rock permeability is desirable and 
would improve the efficiency of foam to block the higher permeability zones to a larger extent. This 
“smart foam” effect was first observed by J. P. Heller and his group at New Mexico Petroleum 
Recovery Research Center. 
 
In an effort to evaluate the effect of frontal velocity on foam performance, we modified the core setup 
shown in Figure 4 by installing a second ISCO pump. This pump coupled with a Ruska motorized pump 
set  on withdrawal mode and another ISCO pump control the frontal velocity of the foam. Figure 10 
shows a schematic diagram of this setup. Preliminary results obtained with the foam produced with 500 
ppm Chaser CD-1045 at 70% foam quality shown in Figure 11 indicate a shear thinning effect on 
frontal velocity.  
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Figure 1 - Schematic Diagram for Adsorption Setup C :HGW\S-Cowden\TOPICREP\FIG-1, 10/17/95
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Figure 2  Adsorption of Chaser CD-1045  in South Cowden Field Core at 98 
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Figure 3 - Dependence of Adsorption on Porosity 
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Figure   4  -  Core Test Setup C:\HGW\S-COWDEN\95TOPIC\FIG-4,  10/17/95
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Figure 9 - Effect of Foam Quality on Resistance Factor for Each Section of the Test Core 
(12A) for 500 ppm Rhodaplex CD-128 in South Cowden Brine 
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SPECIAL LABORATORY STUDIES 
 
 

SCREENING STUDIES TO IDENTIFY SUITABLE 
  GELLED POLYMERS FOR PROFILE MODIFICATION 

 
 
OBJECTIVE 
 
Gels produced by an in situ cross-linking reaction of water-soluble polymers are used to block water 
intrusion into producing wells1-2. These are also effective in injection profile modification, i.e., redirecting 
the injection fluid flow to a less permeable zone containing oil by placing gels  in high permeable streaks 
or fractures near the injection wells2-6. 
 
A gel is a three-dimensional polymer network, produced by cross-linking of polymer chains, swollen 
with a solvent. It typically possesses mechanical properties similar to those of natural rubber, with high 
deformability and nearly complete recoverability. Gels used in oil recovery applications are hydrogels, 
i.e., the polymer networks that possess the ability to swell in water and retain a significant fraction of 
water within their structures, but these will not dissolve in water. These gels typically consist of  about 
0.5-3% of cross linked water-soluble polymers that hold 99.5-97% water in an equilibrated state. 
Exposure of the gel to forces such as temperature, pressure, pH etc. that might alter the nature or the 
degree of cross linking can disrupt this equilibrium which usually results in shrinkage with expulsion of 
water from the gel7. This phenomenon is called syneresis and is often observed in many oilfield gel 
systems. For instance, when polyacrylamide gel is exposed to hard brine at elevated temperatures for an 
extended period of time, the gel shrinks to small particles which are brittle. Thus, there is no single 
polymer gel system for every reservoir application. 
 
The primary objective of this subtask was, therefore, to identify one or more suitable polymer systems 
for possible use at the So. Cowden Unit for fluid diversion as well as for water shut-off applications. 
The gels should be stable and effective under anticipated CO2  injection conditions. The polymer gel 
systems will be considered for use in the planned horizontal injection wells to improve injection 
conformance as/if needed. This report summarizes the results and details procedures of laboratory work 
completed through the Phase I time period.  
 
 
EXPERIMENTAL 
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Polymer Solution: The polymers used for this screening study are emulsion as well as solid materials. 
The emulsion polymer, OFXC®1163, was received at 30% active concentration from American 
Cyanamid. Approximately 6100 ppm polymer stock solution was prepared by inverting 6.58 g of 
emulsion in 300 ml produced brine containing 0.276 ml of Activator 478® (American Cyanamid) in a  
blender (Osterizer) running at high speed for 30 seconds. The polymer stock solution was allowed to 
stand at room temperature until all air bubbles disappeared. The test solutions were prepared using the 
homogeneous stock solution. 
 
The polymer stock solution using solid material was prepared by adding a measured quantity of a solid 
polymer to the vortex which was produced by stirring a measured amount of solvent with a magnetic 
stirrer bar. The stirring was continued until the polymer particles were completely dissolved which 
usually varied 8-24 hours. 
 
The aqueous cross-linker solutions were also diluted to a convenient concentration level with distilled 
water before using in the preparation of test solutions. The test solutions were prepared by adding 
aliquot for desired concentration of cross-linker to the measured aliquot of polymer stock solution. Any 
necessary makeups for obtaining desired concentrations of polymer and cross-linker were done with 
produced brine. The test solutions were shaken well before placing them into the oven for aging at 
reservoir temperature. 
 
Gel Evaluation: About 20 ml aliquot of gelling mixture are placed in a series of glass ampules 
(OD=2.2 cm, Length= 22.5 cm) and sealed. The ampules are then placed vertically in a metal container 
and aged in the oven at the desired temperature. For the first 12-24 hours of aging the ampules are 
checked frequently for gelation by placing the ampule horizontally behind a shield and the gelling mixture 
is allowed to flow to equilibrium and its tongue length (TL) is measured. This tongue length usually 
decreases with aging times. The Percent Gel Strength (%GS) is then calculated from Equation 1 and is 
determined as a function of time8. 
 
  %GS = (22.5 - TL)x100/22.5 (1)  
 
Percent Gel Strength as defined by Equation 1 is based on an ampule length of 22.5 cm. 
 
A high pressure apparatus was designed and fabricated for evaluation of gel stability under 2000 psi of 
CO2 pressure to simulate field use in a CO2 pilot. The schematic of the apparatus is shown in Fig. 1. 
Two high pressure stainless steel vessels were equipped with a pressure gauge and a rupture disk safety 
relief valve. These vessels were connected to an LDC Bio pump and a booster pump to pressurize the 
vessels. A programmable ISCO syringe pump was used to depressurize the test vessels at a uniform 
rate. The pressurized vessels were housed in a thermostatted chamber. A series of preformed full 
strength gels in glass ampules was placed vertically inside the vessels. The vessels contained produced 
brine just enough to hold the samples without floating in it. The ampules were opened and about 10 ml 
produced brine was added on top of each gel sample. Then the lids were tightly screwed and the 
vessels were pressurized at 2000 psi with CO2. The vessels with contents were aged for three weeks at 
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the reservoir temperature of 98o F. Then, the ISCO syringe pump was programmed to release the 
pressure at a rate to depressurize the system over the period of six days to avoid creating a strong 
pressure turbulence which might shatter the gels.     
 
RESULTS AND DISCUSSION 
 
The Phillips files on the past polymer work at the So. Cowden Unit were reviewed first. The previous 
laboratory work was conducted using simulated brines. Two different simulated brine compositions 
were found. Total dissolved solid (TDS) contents in these two formulations differed by 2 wt%. Thus, it 
was decided to analyze So. Cowden produced water. Since this formation water is high in H2S content, 
we felt that we might have to use a simulated brine for polymer/gel screening studies. Three samples of 
produced water collected from different points in the unit were analyzed, see Table 1. These samples 
were not significantly different from each other and the TDS was about 7.8 wt%. An aerated sample of 
produced water did not differ with respect to Na+,  K+, Ca++, Mg++, and Cl- ions from the original 
sample. However, sulfate ions in the aerated sample were found to be about 1000 ppm higher than that 
of the original sample. The aerated sample was again analyzed twice for sulfate and the sulfate content 
was found to be about 3700 ppm both times which was within 100 ppm compared to one of the 
original samples. The previous large discrepancy was perhaps due to an instrumental error. The aerated 
produced brine did not have any significant odor. Therefore, polymer gel work was conducted in 
aerated So. Cowden produced water instead of a simulated brine. 
 
Table 2 lists the polymers and crosslinkers that were studied. Two commercially available acrylamide 
polymers and three cross-linkers were studied. The first system studied was with a high molecular 
weight (10-15x106) anionic (5-7 mole%) polyacrylamide (in emulsion), OFXC®1163 (American 
Cyanamid) and a low toxicity zirconium cross-linker, Zirtech® LA110 from Benchmark R&T Inc.. 
Since the pH of a carbon dioxide flood is in the range of 3.9 to 4.2 and the gelled polymer will be also 
used for diverting the fluid of a planned carbon dioxide flood in So. Cowden Unit the system was 
studied in So. Cowden produced water at an adjusted pH of 4.2. The pH of aerated sample of So. 
Cowden produced water measured about 6.5. The results of the studies are given in Tables 3 and 4. 
The progress of gelation was monitored by measuring the tongue length8 of the gelling mixture. The 
tongue length develops when the gelling solution begins to form a crosslinked three dimensional structure 
strong enough to hold fluids within its structure. The tongue length decreases as the gel strength 
increases. Thus, the tongue length gives a measure of gel quality. As can be seen from Tables 3 and 4 
the gelation rate is slightly faster at an adjusted pH of 4.2 in all crosslinker concentrations studied. It is 
also noticeable that the gelation rate decreases with increasing crosslinker concentration and developed 
significantly weaker gel beyond 750 ppm zirconium concentration. This observation is consistent with 
our previous studies in other brines. Since the system of OFXC®1163 and Zirtech® LA110 were 
recently successfully field-tested at the North Burbank Unit (NBU) in Oklahoma and at the C. B. Long 
Unit in Texas, the gels produced with 500 ppm Zr in So. Cowden water are compared with those 
produced in NBU or in C. B. Long produced waters as shown in Table 5. Although the gelation rate in 
So. Cowden produced water was slightly slower compared to the other two produced waters, the 
system developed acceptable gels at So. Cowden reservoir conditions. 
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The second system consisted of a low molecular weight (3-5x105) solid anionic (5 or < 5 mole%) 
polyacrylamide, Alcoflood® 254S (Allied Colloids) and Zirtech® LA110. This system was studied at 
the adjusted pH of 4.2 only. The results are shown in Tables 6 and 7. This system produced acceptable 
strong bulk gels at much higher concentrations of 20,000-30,000 ppm polymer and 500 ppm Zr level. 
However, the gelation rate of this system is significantly slower making the system suitable for near well 
bulk gel treatment. The gels produced by both polymer systems were found stable after prolonged aging 
for more than 200 days.    
 
The polymer/gel screening studies described above were conducted at 120o F temperature. However, 
the reservoir temperature of the So. Cowden Unit is said to vary from 98o to 120o F, therefore, the bulk 
gel tests using both polymers with zirconium crosslinker were repeated in pH adjusted (3.9-4.2) So. 
Cowden produced water at 98o F. In addition to these screening tests both polymers were also tested 
with widely used MARCIT® chrome acetate as well as another low toxicity titanium crosslinking system 
in So. Cowden produced water (pH adjusted) at both temperatures. All these screening test results are 
summarized in Figure 2. 
 
Both polymers with Zr crosslinker developed acceptable gels at 98o F. There is no significant difference 
in the gelation rate for high molecular weight polymer (OFXC® 1163) at both temperatures. However, 
in the case of low molecular weight polymer (Alcoflood® 254S), the gelation rate is significantly slower 
at 98o F and  the  system utilizes  higher  polymer  and  crosslinker  concentrations. The OFXC ® 1163 
with chromium acetate crosslinking system developed gels at much slower rate than that of zirconium 
system. For example, the system containing 5000 ppm OFXC® 1163 and 250 ppm Cr developed only 
68% gel strength at 120o F or 0% gel strength at 98o  F after 3.12 hr aging. These compare to the 
percent gel strengths of 81% and 80% at 120o F and 98o F, respectively developed by Zr containing 
system at the same concentration levels after only 2.5 hours of aging. However, although chromium 
acetate resulted in strong gels at 120o F the gels at both temperatures are loosening up by expelling 
water from the gels after 42 days of aging whereas no separated water in zirconium gels after 206 days 
of aging at the similar conditions. On the other hand, the low molecular weight polymer (Alcoflood® 
254S) with chromium system developed gels at a faster but more uniform rate than that with zirconium 
system and the gels are stable with no sign of separated water after 115 days of aging. 
 
The third low toxicity titanium crosslinker with OFXC® 1163 developed gels at a slower rate with no 
sign of gel forming characteristics until after 6 hours and measurable gel strength after 23 hours of aging 
at 98o F. The system developed about 85% gel strength after 5 days of aging and after 57 days of aging 
the gel strength is increased to about 95% indicating a long term gel stability. This system utilizes low 
concentrations of polymer and crosslinker making the system economically attractive. 
 
The next phase of bulk gel work involved gel stability tests under 2000 psi CO2 pressure to simulate 
field use in a CO2 pilot. Two systems, the low toxicity OFXC® 1163 with Zirtech ® LA110 system and 
Alcoflood® 254S with MARCIT® chrome acetate system were tested. The testing gels were prepared 
first using 1% OFXC® 1163 with 250-1500 ppm Zr in pH unadjusted So. Cowden produced water 
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and 2% Alcoflood® 254S with 250-1500 ppm Cr in pH adjusted (4.2) produced water. It is interesting 
to note that Alcoflood® 254S even at 4% concentration level did not produce gels with Cr in pH 
unadjusted produced water. The preformed gels were then exposed to 2000 psi pressure of  CO2 (See 
Experimental) and aged at 98o  F for three weeks. The results are given Table 8. The gels of both 
systems are stable with no sign of deterioration or water phase separation. However, since the 
MARCIT® chrome acetate gels are produced in pH adjusted water, these gels may not withstand the 
CO2 pressure for a very long time due to the possibility of over cross-linking which will cause syneresis.   
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CONCLUSIONS   
 
1) The system of high molecular weight (10-15x106) anionic (5-7 mole%) polyacrylamide, 

OFXC®1163 and low toxicity zirconium cross-linker, Zirtech® LA110 makes strong gels in So. 
Cowden produced water and gels are stable at the reservoir temperature under anticipated CO2 
injection conditions.  

 
2) The low molecular weight (3-5x105) anionic (5 or < 5 mole%) polyacrylamide, Alcoflood® 254S 

and low toxicity zirconium cross-linker, Zirtech® LA110 system also makes strong and stable 
gels. This system is attractive particularly for its significantly slower gelation rate. However, the 
system utilizes much higher polymer and cross-linker concentrations making it a somewhat more 
expensive system. 

 
3) The high molecular weight polymer, OFXC®1163 with another low toxicity titanium cross-linker, 

RIX:98 develops acceptable gels at much slower rate than the OFXC®1163/Zirconium system. 
It is also important to note that this system utilizes lower cross-linker concentration.  

 
4) Although MARCIT® chrome acetate with Alcoflood ® 254S produces strong gels at the            

desired rate, the system utilizes much higher concentrations of polymer and cross- linker. The 
system also produces gels only at a lower pH so that the gels may not withstand  CO2 pressure for 
a very long time.    
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Table 1 
So. Cowden Water Analyses 

______________________________________________________________________ 
 
Water Sample  %TDS N K Ca Mg Sr Cl      SO4         
 
        ppm 
 
Tract2-Trans, Pump 7.27         22800    388  2500  619 55.8 36200     3593 
 
Tract6-FWKO  7.84  25100 441 2490 633 55.0 39900 3238 
 
Tract6-IPD  7.84  25200 513 2490 650 55.3 39400 3237 
 
Tract6-FWKO  7.72  24900 442 2420 636 53.4 40500 4173 
(Aerated and filtered) 
__________________________________________________________________________ 
 
 
 
 

Table 2 
Polymer and Crosslinker Systems 

_____________________________________________________________________________ 
 
OFXC®1163 (American Cyanamid) High Molecular Weight (10-15x106) Anionic (5-7 mole%) 
     Polyacrylamide in Emulsion 
 
Alcoflood® 254S (Allied Colloids) Low Molecular Weight (3-5x105) Anionic (5 or < 5mole%) Polyacrylamide, A Solid Product
 
Zirtech® LA110 (Benchmark R&T) Organically Complexed Zirconium Compound in Aqueous    
 
RIX:98 (Benchmark R&T)  Organically Complexed Titanium Compound in Aqueous    
 
Water-Cut®684 (Tiorco, Inc.)  Organically Complexed Chromium(III) Compound in    
_____________________________________________________________________________ 
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Table 3 

Bulk Gel Test With OFXC®1163 and Zirtech® LA110 in Aerated FWKO Water at 
120oF 

_____________________________________________________________________________ 
Polymer Concn. Zr Concn. 0hr 1hr 2hr 3.4hr 4.5hr 24hr 15d 224d 
 ppm       ppm ______________________________________________ 
              Tongue Length (TL), cm 
 
 5000   250  T PG 7.0 6.0 5.3 4.7 4.8 4.7 
 5000   500  T PG 6.4 4.8 4.4 3.2 2.5 2.2 
 5000   750  T PG 8.3 6.4 5.6 3.3 2.2 1.7 
 5000   1000  T PG PG 7.6 6.8 4.6 2.6 1.2 
 5000   1500  T SG PG PG 8.2 5.1 3.3 0.9 
 5000   2000  T VT SG PG PG 6.8 3.6 2.9 
_____________________________________________________________________________ 
NG= No gel, T= Thick, VT= Very thick, SG= Slight gel, PG= Partial gel 
 
 
 

Table 4 
Bulk Gel Test With OFXC®1163 and Zirtech® LA110 in Aerated and pH Adjusted 

(4.2)   FWKO Water at 120o F 
_____________________________________________________________________________ 
Polymer Concn. Zr Concn. 0hr 1hr 2.6hr 4.2hr 5.4hr 22.6hr 13.9d  206d 
 ppm       ppm _______________________________________________ 
                         Tongue Length (TL), cm 

_______________________________________________________________________
5000           250  T 6.7 4.4 3.7 3.1 3.0 2.0 1.8 

 5000   500  T PG 5.5 4.5 4.0 2.9 1.8 2.7 
 5000   750  T PG 6.6 5.1 4.5 3.1 1.8 1.3 
 5000   1000  T PG 8.2 6.5 5.1 3.6 1.8 0.7 
 5000   1500  T PG PG PG 7.8 5.2 2.9 3.5 
 5000   2000  T SG PG PG PG 6.5 4.0 4.2 
_____________________________________________________________________________ 
NG= No gel, T= Thick, VT= Very thick, SG= Slight gel, PG= Partial gel 
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Table 5 
Comparison of Bulk Gels Prepared With 5000 ppm Polymer and 500 ppm Zr in So.   

 
_____________________________________________________________________________ 
Polymer/X-linker/Water  0hr 1hr 2hr 3hr 4hr 24hr  
          _________________________________________ 
                           Tongue Length (TL), cm 
_____________________________________________________________________________ 
OFXC®/LA110/FWKO   T PG 6.4 4.8 4.4 3.2 2.5(15d) 
OFXC®/LA110/FWKO (pH 4.2) T PG 5.5 -- 4.5 2.9 1.8(13d) 
OFXC®/LA110/NBU TB-57  T 3.9 3.2 -- 2.4 2.2 1.6(6d) 
  
OFXC®/LA110/CBLong(pump dis.) T 4.1 2.2 2.1 -- 1.8 1.2(6d) 
_____________________________________________________________________________ 
NG= No gel, T= Thick, VT= Very thick, SG= Slight gel, PG= Partial gel 
 
 
 

Table 6 
 Bulk Gel Test With Alcoflood®254S and Zirtech® LA110 in Aerated and pH 

Adjusted   (4.2) FWKO Water at 120o F 
 
_____________________________________________________________________________ 
Polymer Concn. Zr Concn. 0hr 1hr 2.6hr 4.2hr 5.4hr 22.7hr 13.9d 206d 
 ppm       ppm _______________________________________________ 
                         Tongue Length (TL), cm 

 20000  250  NG NG NG NG T T 4.0 0.9 
 20000  500  NG NG NG NG T T 1.5 0.7 
 20000  750  NG NG NG NG NG T 1.7 0.7 
 20000  1000  NG NG NG NG NG T 2.8 0.6 
 20000  1500  NG NG NG NG NG NG 8.0 0.7 
 20000  2000  NG NG NG NG NG NG S-PG 0.5 
_____________________________________________________________________________ 
NG= No gel, T= Thick, VT= Very thick, SG= Slight gel, PG= Partial gel 
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Table 7  
Bulk Gel Test With Alcoflood®254S and Zirtech® LA110 in Aerated and pH Adjusted   (4.2) FWKO Water at 120
_____________________________________________________________________________ 
Polymer Concn. Zr Concn. 0hr 1hr 3hr 4.4hr 6.5hr 23hr 13d 196d 
 ppm       ppm _______________________________________________ 
                         Tongue Length (TL), cm 
 30000  250  NG NG NG NG T S-PG 2.3 0.7 
 30000  500  NG NG NG NG T S-PG 0.8 0.7 
 30000  750  NG NG NG NG T SG 0.8 0.8 
 30000  1000  NG NG NG NG T T 1.0 0.7 
 30000  1500  NG NG NG NG T T 2.7 0.8 
 30000  2000  NG NG NG NG T T 7.9 0.6 
_____________________________________________________________________________ 
NG= No gel, T= Thick, VT= Very thick, SG= Slight gel, PG= Partial gel 
 
 

Table 8 
Gel Stability Tests at 98o F Under 2000 psi Pressure of CO2 

 
_____________________________________________________________________________ 
Gel System    Cross-linker Concn. %Gel Strength Before %Gel Strength After 
      ppm  Exposure to CO2 Exposure to CO2 
_____________________________________________________________________________
_ 
1%OFXC® 1163 and Zr   250   70   70 
in pH unadjusted FWKO  500   93   93 
water     750   98   98 
     1000   98   98 
     1500   97   97 
 
2%Alcoflood®254S and Cr  250   95   95 
pH adjusted (4.2) FWKO  500   97   97 
water     750   98   98 
     1000   98   98 
     1500   97   97 
_____________________________________________________________________________ 
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Figure 1.  High Strength Gel Stability Test Apparatus 
 

ISCO Pump

Booster Pump
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Figure 2. Gel Strength as a Function of Aging Time for Various Polymer/Cross-

linker Systems at different Concentrations and Temperatures. 
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FIGURE VII 
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FIGURE VII 
 

ENVIRONMENTAL INFORMATION 
 
 

 
?? Surface elevation 
 
  The Unit varies from 2900’-2950’ above sea level. 
 
?? Surface conditions  
 
  The surface area occupied by the South Cowden Unit is relatively flat and arid.   
  There is one small area called a “buffalo Wallow” which is lower than the   
  surrounding area and tends to stay green part of the year.  
 
?? Distance from navigable surface water (if < 5 mi.) 
 
  The Unit is greater than 5 miles to navigable waters. 
  
?? Distance from air quality non-attainment area (if < 20 mi.) 
 
  The closest non-attainment area is Dallas, Texas. 
 
?? Location (depth) of groundwater < 10,000 TDS 
 
  The State of Texas requires that usable-quality ground water be protected from  
  surface to 250’ and from 1000’ to 1400’. 
 
?? Depth of surface casing 
 

New wells have surface casing set at 1450’; however, some earlier wells only have 
200’-300’ of surface casing. 

 
?? Volume of produced water 
 
  The Unit produced an average of 5400 BPD of water during the six month period  
  prior to project start-up. 
 
?? Produced water quality (if state requires tests) 
 
  The State of Texas does not require such tests. 
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?? Produced water treatment/disposal methods used 
 
  The produced water is skimmed to remove residual oil and treated for corrosion  
  inhibition. 
 
?? Volume of drilling wastes from new wells 
 
  Wastes from drilling wells are minimal.  Nearly all of the fluids used on the new   
 wells will be exempt under RCRA.  However, trash generated and engine fluid    
 drilling will require off-site disposal. 
 
?? Drilling mud content for new wells 
 
  The mud system used for new wells will be water-based mud with the generic   
 components being water, barite, bentonite, polymer, starch, bicarbonate, caustic   
 soda, calcium chloride, lime, lignosulfonate, defoamer, soda ash, and lost    
 circulation materials of cedar fiber, ground paper, mica, and walnut hulls. 
 
?? Drilling mud handling practice (closed system, lined pit, unlined pit) 
 
  The wells will be drilled utilizing a lined pit.  The pit will be left open to dry and   
 then be filled. 
 
?? Location, size, purpose of any surface impoundments at site 
 
  There are no impoundments at the South Cowden Unit. 
 
?? Results of recent mechanical integrity tests 
 

Recent mechanical integrity tests have found some leaks in the casing. Wells with leaks 
are being repaired or temporarily abandoned as appropriate as the mechanical 
problems are found. Approximately 40% of the wells (production and injection) have 
been tested recently. 

 
?? Results of area of review studies for injection wells 
 

No Results 


